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Several research activities were conducted during the last three years. They are
mainly along the following directions.

A) GROWTH AND CHARACTERIZATION OF InAsSb FOR LONG WAVELENGTH
-- DETECTORS

1) OM-CVD Growth of InAsSb

OM-CVD growth of InSb and InAsl1 xSb x has been obtained using triethylindium
(TEI), trimethylantimony (TMS) and arsine (AsH 3) on (100)GaAs, (100)InSb and (111)-B
InSb substrates. InSb with excellent morphology was achieved on both (100)InSb and
(111)-B substrates. The measured electron mobility at 300°K of undoped InSb grown on
(100)GaAs semi-insulating substratcs was 40,000 cm 2/V-sec at a carrier concentration of
2.0 x 1010 cm 3 . InAsl-xSb x (0.0 - x - 0.75) with mirror-like surfaces have been grown
on InSb and InAs substrates. This may be the first successful epitaxial growth of high
quality layers of this ternary in the composition range 0.5 - x !- 0.7, having the lowest
bandgap, Eg -- 0.1 eV that can be achieved in the III-V compounds. Solid composition
variations as a function of growth temperature and InSb substrate orientation have also
been studies.

2) Fabrication of Infrared Detectors in III-V Compounds That Can Cover Part of the

8-12 u.m Spectral

P-n junctions have been fabricated in InSb and InAsl-xSb. (0.4 < x < 0.7) using
OM-CVD. These junctions showed soft breakdown in addition to forward characteristics
with a diode factor greater than 2. The ternary alloy has a cutoff wavelength in the 9-11
p.m range, thus providing a potential material system for detectors covering part of the
8-12 pLm range.

3) Growth of Epitaxial Layers Based an In-As-Sb-Bi Material System for Infrared
Detectors

InBi is a semimetal, thus, one approach to reduce the bandgap of InSb or InAsSb is
to add Bi, to form InSbBi and InAsSbBi ternary and quaternary compounds, respectively.
InAs0 4 Sb 0 . detectors built in our laboratory have a cutoff wavelength of about 11 pLm.
This cut-off wavelength can be extended to longer wavelength by adding Bi to cover the
8-14 pLm spectral range. This material system may offer a real alternative to HgCdTe.
The problem of the Bi compound is its limited solid solubility, 2.2% in InSb, and maybe
even lower in InAsSb. We have grown films of InAsBi, InSbBi and InAsSbBi by OM-CVD
on InSb and GaAs substrates and we are in the process of characterizing these films by
optical and electrical techniques.



* 4) Growth of InAs, X.SbK. (0 < x < 1) and InSb-InAsSb Superlattices by Molecular

Thin films of InAsl-.Sb x (0 < x < 1) have been deposited on GaAs and InSb sub-
strates in the temperature range 300-400*C using molecular beam epitaxy. The solid
composition was found to be quite sensitive to the Sb flux and less sensitive to the As flux.
InSb-InAsSb superlattice structures have also been grown and studied. Both the ternary
alloy and the superlattice structures can be potential material systems for detectors cover-
ing the 8-12 p. range.

B) STRAINED LAYER SUPERLATTICES

1) Defects Reduction in Epitaxial Growth Using Superlattice Buffer Layers

GaAsP-InGaAs strained-layer superlattices grown lattice-matched to GaAs have
been used to reduce the density of threading dislocations originating from the GaAs sub-
strate. GaAs epitaxial layers grown on the GaAsP-InGaAs superlattice buffer layers
showed a dislocation density lower by at least an order of magnitude than that obtained
from epitaxial layers grown directly on GaAs substrates. Transmission electron micros-
copy showed that dislocations originating from the GaAs substrate do not penetrate the

GaAsP-InGaAs superlattice layers. We expect that such results will have a great impact
on GaAs IC technology.

2) GaAsP-GaInAsSb Strained Layered Superlattices

OM-CVD has been used to grow GaAsl_,P , -Gal..In 1 As, GaAs 1 _,P, -GaAs 1 _ySby
and GaA...._,P, -Gal-.InxAsl-.Sby superlattices in the composition range 0 - x -S 0.25,
0 :- y - 0.3 and 0 - z :5 0.5. Growth parameters for the synthesis of these new struc-
tures have been determined. SL structures are characterized by x-ray diffraction, photo-
luminescence and electron microprobe. Light-emitting diodes (LED's), based on this
superlattices have been fabricated. This new structure can be grown lattice matched to
GaAs substrates and thus has potential applications in several electronic devices such as
HEMTs, LEDs and high speed detectors.

C) ATOMIC LAYER EPITAXY

1) Atomic Layer Epitaxy of III-V Binary Compounds

Atomic Layer Epitaxy (ALE) of III-V semiconductors has been reported for the first
time using metalorganic and hydride sources. This is achieved by using a new growth
chamber and susceptor design which incorporates a shuttering mechanism to allow



successive exposure to streams of gases from the two sources. Also. most of the gaseous
boundary layer is sheared off after exposure to the gas streams. GaAs and AlAs deposited
by ALE are single crystal and show good optical properties.

2) Self-Limiting Mechanism in the Atomic Layer Epitaxy of GaAs

A self-limiting mechanism has been observed in the ALE of GaAs deposited by alter-
nate exposure to AsH 3 and TMG. The thickness of the deposited film was found to be
independent of the mole fraction of TMG in the gas phase. This has only been observed
in the near absence of the thermal boundary layer and thus for a short exposure time to
the TMG flux. A possible explanation is that the condensation coefficient of TMG can
have a large value on the GaAs surface and a very small value when the surface is covered
by Ga atoms.

3) Growth and Characterization of Com]o, d Sermiconductors kx Atomic Layer

The growth of GaAs, InAs and InXGaixAs (0 < x < .43) by atomic layer epitaxy
(ALE) has been achieved. The growth rate by ALE is found to be independent of the
column III flux. ALE GaAs, grown between 450 and 630°C has been characterized by
photoluminescence and Hall measurements. Initial results indicate that ALE gives
improved incorporation and uniformity in the growth of InGaAs compared to conven-
tional MOCVD and can be a suitable technique for growing ternary and quaternary layers
over large areas.

D) MOLECULAR STREAM EPITAXY OF III-V COMPOUNDS

Molecular Stream Epitaxy is a new technique for the synthesis of III-V compounds.
In this technique, two separate molecular streams are used, one containing column III ele-
ments and the other containing column V elements. A shutter is used to allow sequential
exposure to the gas streams. We have applied this method to the growth of GaAs by
MOCVD. This approach can allow (1) separation of the hydrides and metalorganics to
prevent gas-phase reactions, (2) better control of layer thickness and, (3) more abrupt
interfaces between layers. We have used this technique to grow GaAsP-InGaAs SLS with
layers 8 & thick and interface abruptness at least as good as those obtained from gas
source MBE.



E) NEW LATERALLY SELECTIVE CROWTII TECHNIQUE BY MET.LORGANIC
CHEMICAL VAPOR DEPOSITION

Laterally selective growth of III-V compounds has been successfully demonstrated by
metalorganic chemical vapor deposition. This was achieved by suing a specially designed
growth chamber and susceptor that allows the substrate to move with respect to a sta-
tionary GaAs or Si mask. We have used this technique to selectively deposit GaAsj-xP x
with different values of x and a GaAs - GaAsP superlattice on a single GaAs substrate.
We have also selectively grown multiple color light-emitting diodes on a GaAs substrate.
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Defect reduction in GaAs epitaxial layers using a GaAsP-InGaAs strained-
layer superlattice

M. A. Tischler, T. Katsuyama, N. A. EI-Masry, and S. M. Bedair
Electrcal and Computer Engineenng Department. Box 7911, North Carolina State University, Raleigh.
.North Carolina 2 7695. 7911

(Received 30 August 1984; accepted for publication 9 November 1984)

GaAsP-InGaAs strained-layer superlattices grown lattice matched to GaAs have been used to
reduce the density of threading dislocations originating from the GaAs substrate. GaAs epitaxial
layers grown on the GaAsP-InGaAs superlattice buffer layers showed a dislocation density lower
by at least an order of magnitude than that obtained from epitaxial layers grown directly on GaAs
substrates. Transmission electron microscopy showed that dislocations originating from the
GaAs substrate do not penetrate the GaAsP-InGaAs superlattice layers.

The recent advances in GaAs device and integrated cir- a maximum thickness such that the strain is accommodated
cuit technology have stimulated the need for high quality, elastically, but greater than a minimum thickness required
uniform substrates. These are necessary to achieve uniform for "bending over" the dislocations.'3-n5 The dislocations
circuit parameters and respectable yields. However, com- propagating up from the substrate encounter the strain field
pound semiconductor substrates typically have several types and are bent over and forced to move laterally towards the
of defects, such as dislocations, which can degrade the oper- edge of the substrate. Note that the materials must have
ation of devices and circuits. Typical substrates have disloca- enough lattice mismatch to generate the required strain. The
tion densities on the order of 10' cm - ' and greater. Addi- problem that arises with strained-superlattice structures
tionally the dislocation density is not uniform across the such as GaAs-InGaAs and GaAs-GaAsP is that they are
wafer; for example, dislocations in liquid encapsulated not, as a whole, lattice matched to the GaAs substrate or
Czochralski (LEC) wafers usually have a W-shaped distribu- epitaxial layer. Thus more dislocations are produced at these
tion, with larger densities at the edge and center of the wa- interfaces. What is needed is a superlattice composed of two
fer.' These dislocations, as evidenced by etch pits, x-ray to- materials having equal but opposite lattice mismatches, such
pography, and transmission electron microscopy (TEM) that the average lattice constant matches that of GaAs. We
have been correlated to material parameters such as photo- have proposed a materials system, GaAs, P, -

luminescence intensity, -' sheet carrier concentration, and Iny Ga, . As, which is lattice matched to GaAs when
sheet resistance4' as well as device parameters including x = 2y. Additional potential material systems are GaAsP-
leakage' and drain-source' currents, and threshold vol- GaAsSb, GaAsP-InGaAsSb,"7 and Ga 5 2 . In0 ,,_8 P-
tage.7 -'0 Sheet carrier concentration directly tracks the dis- Gao52 - Ino0 48 +x P. This allows a high quality GaAs layer
location density while the sheet resistance is inversely pro- to be grown lattice matched on top of the superlattice buffer
portional to it." Metal-semiconductor field-effect transistor (SLB) layer. There is also some evidence that a strained su-
arrays across 2-in. LEC wafers show threshoid voltage varia- perlattice may act as a gettering site for impurities out diffus-
tions of about 400 mV (for V,, (mean) = + 0.126 V] with ing from the substrate. '8

.
9

V,, becoming more negative as the dislocation density in- Ten period SLB's were grown by metalorganic chemi-
creases." LEC wafers typically have dislocation networks cal vapor deposition at atmospheric pressure in a vertical
which result in large variations in device parameters while reactor. Gallium was supplied from a trimethylgallium
horizontal Bridgman (HB) wafers usually have more uni- bubbler (0 *C) at a flow rate of 5 sccm. Indium was supplied
form dislocation densities. ' Defect density variations across from a friethylindium bubbler (20 *C) at a flow rate of 200
the boule can be another source of problems for GaAs tech- sccm. AsH3 and PH, (both 5% in H,), at flow rates of 40 and
nology. Thus, it is evident that the quality of the GaAs must 60 sccm respectively, were used as the As and P sources.

, be improved to have a viable integrated circuit process. Palladium diffused H. flowing at a rate of 41 /m served as the
One possible method for reducing defects is to improve carrier gas. The growth temperature was 630 *C. Four differ-

the bulk growth of GaAs. There have recently been reports' 2  ent substrates were used; two silicon doped, one Cr-doped,
of HB, silicon-doped GaAs substrates with less than 200 and one LEC (semi-insulating). All substrates were (100),
dislocations cm- 2 .This low density has not yet been realized oriented 2" towards (110). Details of the calibration proce-
in LEC or Cr-doped material, which is required for GaAs dure to produce the SLB lattice matched to GaAs have been
integrated circuits. The approach we have investigated is to previously reported. ' For these experiments x)% P)- 17%
provide a low defect density epitaxial layer using a strained- and y(% Inl - 8%. X-ray diffraction showed that the mis-
layer superlattice. This was first proposesd by Matthews and match between the SLB and the GaAs substrate is less than
Blakeslee" ' who used the strain field in a GaAsP-GaAs 0. 1%. The thickness of each layer is between 100-180 A the
superlattice to turn aside dislocations propagating up from minimum and maximum thicknesses mentioned above are
the substrate. A superlattice is constructed of layers with calculated ifor GaAs, 3 PO , -ln,Gao,, As) to be on the
different lattice constants such that layers are alternately order of 100 and 300 A. respectively. GaAs epitaxial layers
under compression and tension. The layers are thinner than were then simultaneously grown on the SLB and directly on

294 Aoio. Phys Lett. 46 (3), 1 Februar-/ 1985 0003-6951/85/030294.03$01 00 c' 985 American institute of Physics 294



TABLE I. Results o,'etch pit density measurements.

Etch pit densit, cm f

Run Substrate 1

SLB plus
Substrate GaAseptlaer GaAsepiayer

A Cr 1-1 I0, 1 0 50
B Si -l04 - 10'
C St -o , 10, - 10' 400 opt
D SI LEC 1-3 .. I0' -4 10 -0
E Si -ox 10 -2 10" 180

GaAs substrates for etch pit density lEPD) comparison. All .
the GaAs epitaxial layers were about 2 /m thick and they
had mirrorlike surfaces with no cross hatching. This indi-
cates the good lattice match between the SLB and GaAs.

Molten KOH at 330 °C was uspd to delineate the dislo-
cations. Table I shows the etch pit density of the substrates, ai

the GaAs epitaxial lavers directly on the substrates, and the
GaAs epitaxial layers on the 10 period SLB layers. The etch "-J '-j
pit densities of the epitaxial samples were taken over an area
about 0. 5 cm square. In addition to the five sets of samples in "

* Table I, EPD measurements were also made on five other
samples. These had 10-35 superlattice periods and GaAs
epitaxial layers 2-4/am thick. The EPD's on these samples
varied from 200 to 500 cm -:. While EPD measurements are
statistical in nature, and somewhat variable across a sample, -

we have consistently seen EPD's in epitaxial layers directly
.- on GaAs substrates in the thousands per square cm range,

while the SLB reduces the EPD to the hundreds per square
cm range. It should be noted that this type of approach can
only reduce dislocations threading up from the substrate.
Dislocations produced by vacancies, interstitials. etc. within
the epitaxial layer may still be present.

Transmission electron microscopy (TEM) was also
done on several of the epitaxial layers on a SLB. The TEM
samples were prepared by lapping and ion milling two pieces
bonded together face to face. They are viewed in cross sec-
tion, with the electron beam parallel to the (I 10 zone axis.
Figure Ila) shows a TEM cross section for a 10-period "
GaAsP-InGaAs SLB indicating the uniform thickness of the
two ternarv alloys. The period of the superlattice in Fig. lIal " "
is about 230 A. Figure !(bi shows a threading dislocation "
which started in the GaAs substrate and does not penetrate -.-;. .....
the SLB. The SLB is delineated by the arrows. The diffrac-
tion conditions for these micrographs are not optimized for
the simultaneous observation of the SLB layers and the dis-
location lines. Additionally, the low dislocation density
makes it quite difficult to find a dislocation using TEM. iel
These micrographs are the results from several trials. Figure
ld) shows another TEM cross section in which a threading FIG. lial TEM micrograph of GaInAs-GaAsP superlattice. b, TEM mi-

crograph showing a threading dislocation which does not penetrate the
dislocation does not penetrate the SLB. These TEM micro- SLB. The substrate is on the left side of the SLB. ciTEM micrograph show-

graphs are another demonstration that threading disloca- ing a threading dislocation which does not penetrate the SLB. The substrate
tions which start in the substrate may not penetrate the SLB. is on the nght side of the SLB.

It is not clear at this stage how many periods are required to
eliminate these threading dislocations. ers directly on GaAs substrates. TEM studies show that

In conclusion, strained superlattice buffer layers have threading dislocations which start in the GaAs substrate do
been grown with an average lattice constant equal to that of not penetrate the SLB layer. It is expected that devices and
GaAs. as shown by the x-ray diffraction data. Epitaxial circuits fabricated in epitaxial layers on top of SLB's will
GaAs layers grown on these SLB's show significantly exhibit less variation in electrical parameters than those fab-
smaller dislocation densities than simultaneously grown lay- ricated directly on a GaAs substrate.
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p-n junction formation in InSb and InAs, __Sb. by metalorganic chemical
vapor deposition

P. K ChiangandS. M. Bedair
Dep ,tmit of Fdectical and Comiputer Eineering North Cami na State Ungwsy, Raleigh. North
Cam'oln 27695-7911

(Received 10 August 1984; accepted for publication 19 November 1984)

p-n junctions have been fabricated in InSb and InAs, -, Sb, (0.4 < x < 0.7) using metalorpnic
chemical vapor deposition. These junctions showed soft breakdown in addition to forward
characteristics with a diode factor greater than 2. The ternary alloy has a cut-of wavelength in the
8-11 -pm range, thus providing a potential material system for detectors covering the 8-12-/gm
range.

InSb and InAs, , Sb, (0.5 < x < 0.7) are attractive se- ing MOCYD, with particular interest in the composition
miconductor materials for detectors covering the 3-5 and 8- x =0.6. Detectors fabricated from the InAs..,Sb - ternary
12-pm spectral ranges, respectively. These two spectral alloy have a cut-off wavelength >9pum at a temperature > 77
ranges cover the atmospheric window where minimum ab- K. We also report p-n junction formation in InSb and
sorption is present. The growth of InSb epilayers by liquid InAs, -, Sb. (0.4 < x < 0.6) using the MOCVD technique.

i, phase epitaxy (LPE)' and molecular beam epitaxy (MBE)2  InAs, - Sb. epilayers were grown using triethylin-
have been previously reported. However, previous efforts by dium (TEl), trimethylantimony (TMS), and AsH, on GaAs,
LPE,3 MBE," and metalorganic chemical vapor deposition InSb, and InAs substrates, and the detailed growth condi-
(MOCVDI s '6 to grow epitaxial layers of InAs, _,Sb, tions have been reported.' The as-grown material carrier
(0.5 <x < 0.7) have not been successful. Epilayers only near concentrations are in the range of 10 " and 10' cm - ' for
the binary corners have been reported. Detectors made in InSb and InAs, -, Sb, respectively at 77 K as deduced from
these composition ranges do not cover the 8-12-pm atmo- Hall data for layers grown on Cr-doped GaAs. X-ray dif-
spheric window; thus, HgCdTe was left as the only material fraction was used to obtain the InSb solid composition in
system that could cover this spectral range. We report here InAs, _, Sb,. Optical transmission measurements for
the first epitaxial growth on InAs, -, Sb (0.4 < x < 0.7) us- InAs, -, Sb, epilayers on InAs or lnSb substrates were per-
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0 / FIG. 2. Junction depth for the InAsO Sb,,40 p -n diode. I-Mm-thick pU 1layer was formed by Zn diffusion into a 5-#m-thick n-type epilayer.! --

Xo - a a- the diffusion sources were loaded into an 8-cm 3 quartz am,
o t t

• 11.27Mm 8.67nm poule, which was then evacuated to 2 x 10 - Torr. The dil
- 9.8m fusion was carried out at 400 "C for 4 h. After diffusion, tl

sample was cleaved and stained in A'B solution (A--40r HO + 0.3 g AgN03 + 40 ml HF. B-40 g CrO -,- 40 ,nH.0) diluted in water for a few seconds to delineate the p" -

1021 _ junction. The measured junction depth was about Ium p
0.05 0.10 0.16 0.20 0.25 shown in Fig. 2.

ENERGY GAP (ev) In/Ag was used for bothp and n-type layers for ohm-

FIG. 1. Absorption coefficient vs photon energy for the InAs,,, Sbo , film contacts. This was done by evaporating 800 A of In. followi,
on a 11001 InAs substrate. R is the reflection coefficient. by 1100 A of Ag, and subsequent annealing at 350 *C for

few minutes. Mesa diodes were fabricated using standa.

formed by using a double-beam infrared spectrophotometer photolithographic techniques. Diodes were 25 X 25 mil2 d

(Perkin Elmer model 983). The absorption coefficient a was lineated by an 8:1 (lactic acid: HNO 3 ) solution.

obtained from the expression InSb p-n junctions were obtained either by Zn diffus.,

o 0tine fro- thR exprin a sealed ampoule or by direct growth of p' layers in t
T = (1 - R )2 exp( - at) MOCVD reactor using diethylzinc (DEZnp or dimethylzi

- R ep( - 2at)' IDMZn) dopants. Since the incorporation of Zn in t
where t is the thickness (3.2 pm) of the epilayer, T is the MOCVD process is high for low growth temperatures, In
transmission coefficient, and R is the reflection coefficient. epilayers with a hole concentration in the l0' 9 cm - 3 ran
The reflection coefficient R is not available for this alloy; a were obtained. Due to this limitation, p -n junctions w
value of R = 0.3, which is appropriate for pure InAs, was fabricated by growing a = 3-pum-thick n-type layer at 450
used for the calculation of absorption coefficients for on a (100) InSb substrate, followed by a 0.1-pum-thick
InAs, -,Sb, in the transmission measurement. In addition, doped InSb, p' layer. The sample was then annealed
R = 0.1 and 0.2 were also used due to the slightly cloudy 400 *C under H, flow for 20 min in the MOCVD react(
surface which may have degraded the reflectivity. The calcu- The metallurgical junction thickness was estimated to be
lated absorption coefficients at room temperature for the neighborhood of 0.3)pm due to Zn diffusion.
lnAs0,5 Sb 52 are shown in Fig. 1 for different values of R. Figures 3(a), 3(b), and 3(cI show the I-Vcharacterist
The cut-off wavelength or energy gap was estimated from of InAs, . Sb0) ,, InAsJ, Sboo, and InSb p -n junctio
the absorption curve by taking the wavelength or energy at with area of about 4 X 10- 3 cm2 , at 77 K. Figure 4 shows t
which a = 500 cm -'. This value has been used by others2 in log I- V characteristics of an InAs,, Sbo. p --n juncti
the optical transmission measurement. It is high enough so with reverse impedance on the order of 10' f2 and with
as not to be seriously influenced by residual absorption. Cut- rather soft breakdown in the neighborhood of one volt.
off wavelength is obtained in the range 8.67-11.27/pm, de- forward characteristic shows a diode factor n > 3 over t
pending on the value of reflection coefficient R used as entire measurement range. The forward and the reve
shown in this figure. The cut-off wavelength for bulk grown characteristics are affected by the presence of recombinati
InAs,3 48 Sbo, 2 , obtained from room-temperature optical centers in the depletion region, and also due to surface le
transmission measurements, is about 11 pm.' This value is age. It is believed that recombination centers were caused
thus consistent with 2 (cut-off) obtained from Fig. I with R in diffusion-induced damages' and by lattice defects result
the range 0.1-0.2. The corresponding A (cut-off) at 77 K for from lattice mismatch between the InAs,,o Sb0 .u0 epila
lnAs, 4 s Sb, 52 is estimated' to be about 8.5 pm. and the InSb substrate.

InAs,_ ,Sb, p -n junctions were formed by Zn diffu- Figure 3(c) shows the linear I-V characteristic of
sion into the undoped n-type epitaxial layers. To prepare fot lnSb p '-n junction with a breakdown voltage in the nei
Zn diffusion, an lnAs,0 oSb,0 , sample. for example, with a borhood of one volt and a relatively high diode fac
5-pm-thick n-type layer was grown on a I 100)InSb substrate in = 2.7). The forward characteristic is also determined
by MOCVD. Elemental Zn (1.70 mg) and Sb (49.79 mg) were generation and recombination mechanisms in the depleti
used as the diffusion sources. The InAso Sb,.u) sample and region. These m,'chanisms have been indicated by Sah '"
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EN l|u n FIG. 4. Log -Vchracternstics of the InAsoSb 0 0  p'-n diode at 77I K.niin In conclusion, MOCVD has been used to grow epitaxial

_I IU W, Un layers of InSb and InAs 1 _ ,Sb (0.4< x<O.7) on InSb su b-
mS strates for the first time. p-n junctions have been fabricated

!il in both the binary and ternary compounds. Optical trans-
Vor 1.0 mA/di 

mission measurements showed that InAs, _ ASb, can have

Hor: 0 1 V/di cut-offwavelength in the 8-11-!sm spectral range. Detectors

FIG. 3. -VchanacteMsticsat77KoflailnAsoSbo5 ,b) nAs 0 Sbo~,c) part of the 8--2-cm spectral range. Thus InAsSb can be a

InSbP . diodes, useful alternative to the CdHgTe material system.
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Atomic layer epitaxy of III-V binary compounds
S. M. Bedair, M. A. Tischler, T. Katsuyama, and N. A. EI-Masry
Electrical and Computer Engineering Department Box 7911. North Carolina State University, Raleigh.
North Carolina 2 7695-7911

(Received 20 March 1985; accepted for publication 17 April 1985)

Atomic layer epitaxy (ALE) of III-V semiconductors is reported for the first time using
metalorganic and hydride sources. This is achieved by using a new growth chamber and susceptor
design which incorporates a shuttering mechanism to allow successive exposure to streams of
gases from the two sources. Also, most of the gaseous boundary layer is sheared off after exposure
to the gas streams. GaAs and AlAs deposited by ALE are single crystal and show good optical
properties.

The recent interest in high electron mobility transistors layer. The atomic layer epitaxy (ALE) of III-V compounds
(HEMT's), superlattices, and quantum well structures and could be achieved using either MBE or MOCVD. In the case
devices has required improvements in the ability to produce of MBE, the shutters are assumed to allow the exposure of
thin layers and abrupt interfaces. Both molecular beam epi- the substrate to either column III or V beams independently.
taxy (MBE) and, to a lesser extent, metalorganic chemical In the case of MOCVD, an analogous shuttering mechanism
vapor deposition (MOCVD) have made impressive advances would be used.
in this respect and yet both are limited by operating in a We report for the first time the successful atomic layer
"bulk" growth regime. The ultimate control of the growth of epitaxy of GaAs and AlAs by MOCVD. This technique can
III-V compounds would be achieved by the deposition of one also be used to investigate the MOCVD growth mechanism
monolayer of column III atoms followed by a monolayer of and will be reported on at a later date. The growth chamber
column V atoms. This process would then be repeated until is schematically shown in Fig. I. For the growth of GaAs,
the desired thickness has been reached4 . The total layer thick- AsH, + H. and trimethylgallium (TMG) + H, flow
ness could be controlled very accurately since each cycle of through the inlet tubes A and B, respectively. A large flow of
exposures would result in the growth of a known thickness. H, in the middle tube (C) is designed to prevent mixing of the
The interfaces, in principle, would be atomically abrupt gases from tubes A and B. The rf heated susceptor is made of
since the reactant fluxes could be changed within one atomic graphite coated with silicon carbide, and consists of several
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FIG. I. Schematic diagram of the growth chamber and susceptor for ALE. fo0 1200 6400
The susceptor consists of a isxed pan F, a rotating pan R. and a recess in
part R which holds the substrate. Inlet tubes A and B provide the reactant Wavelength ( )
gases. A large H, fow in tube C helps prevent miaing ofthe gases from tubes FIG 2. Photoluminescence at 7 t K of 100 cycles of GaAs grown by ALE
Aand sandwiched between layers of GaAs,, P,, The full width at half-maxi-

mum is I I meV.
parts. Fixed part F has two windows aligned to face the inlet
tubes A and B. The substrate sits in a recess in the rotating for I s and then moved back under the AsH, for 5 s. One
part R and can be positioned under the windows of the fixed complete cycle was performed in about 10 s. All growths
part F, thus facing either the column III or V input flux. The consisted of 100 cycles. The exposure time to AsH is not
position of the substrate is controlled through a rotating critical since excess As atoms will evaporate almost immedi-
feedthrough at the base of the growth chamber. The recess in ately. The sticking probability of As on GaAs covered with
part R and the thickness of the substrate are chosen to allow Ga is very close to unity.2 After the first monolayer of As is
minimum clearance between the substrate surface and the adsorbed, its sticking probability reduces to almost zero. The
fixed part of the susceptor. When the substrate is exposed to growth of AlAs was carried out in an analogous manner
the stream of column III species from inlet B. a boundary using trimethylaluminum JTIMA) at 9 *C and a flow of H,
layer will build up on the substrate surface. When the sub- through the bubbler of 2.5 sccm.
strate is rotated away from this position, most of the bound- The ALE samples of Ga.As were characterized by pho-
ary layer will be sheared off by the fixed part F, allowing an toluminescence (PL) at 77 K. Two types of samples were
almost immediate termination of exposure of the substrate grown. One consisted of 100 cycles of GaAs grown by ALE
to the input flux. Additionally, the initial substrate exposure on a 3-m-thick InGaAs-GaAsP superlattice grown by con-
to the column III flux will take place almost without the ventional MOCVD. The superlattice is lattice matched to
presence of any gaseous boundary layer (made up of GaAs and has an effective band gap of about 1.3 eV. The
H2 + AsH 3 in this case). The above arguments can also be second type of sample consisted of a 2-m-thick
applied when the substrate is moved under tube A and x- GaAs0 9 7 P o03 layer, 100 cycles of GaAs by ALE, and a 300-
posed to AsH 3. Thus, for a short exposure time, it is possible 500-A GaAswh ,P0 03 cap. The GaAs 7 GaP,, layers were
that the adsorption process is controlled by surface kinetics grown by conventional MOCVD. This was achieved by add-
rather than diffusion of the reactant species through a ing a second TMG and PH3 sources to line A. The superlat-
boundary layer, as is always the case in conventional tice and the thick GaAso 9 Po03  layer prevented photolu-
MOC D growth.' minescence from the GaAs substrate from interfering with

This technique was used to deposit GaAs and AlAs. In the signal from the ALE GaAs layer. The cap layer facilitat-
the case of GaAs, AsH 3 (5% in H.) + 500 sccm of H2 and ed cross-sectional thickness measurements.
trimethylgalliun (TMG) + 500 scca of H2 flowed through Figure 2 shows the PL spectra of the latter type of sam-
tubes A and B, respectively. The flow of H2 through the ple with 100 cycles of ALE GaAs. The GaAs peak is clearly
TMG bubbler and the temperature of the bubbler were set to evident and has a full width at half-maximum of about 11
0.5 scc and - 15 C respectively which are the minimum meV indicating the good quality of the GaAs grown by ALE.
values available in our system. The flow of AsH3 was 10 The small peak is from the GaAs0.9, P1.03 layer. The former
sccm. Three liters per minute of H2 flowed through the cen- type of sample also showed a GaAs peak. The AlAs samples
ter tube (C) to prevent mixing. The substrate temperature consisted of 2Mmr of GaAs, 100 cycles of AlAs, and a 1000-A
was in the range of 560-600 *C. All substrates were n-type GaAs cap. The GaAs in this case was also grown by conven-
GaAs,, (100), oriented 2' towards I110). The growth process tional MOCVD.
starts by heating the substrate under AsH3 (tube A )(for a few Figure 3 shows the surface of a GaAs layer grown by
minutes. The substrate is then exposed to the TMG (tube B) ALE. All the deposited layers had mirrorlike surfaces.
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FIG. 3. Photomicrograph of the surface of 100 cycles of GaAs grown by
ALE. FIG. 4. Photomicrograph of 100 cycles of AlAs grown by ALE sandwiched

4 between layers of GaAs. and angle lapped at 1. A.
Transmission electron microscope JTEM) samples were pre-
pared by lapping and ion milling two pieces which were process. Several models for the deposition mechanism have
bonded together face to face. They were viewed in cross sec- been proposed. For example, one model proposed that the
tion with the electron beam parallel to the (002) zone axis. metalorganic molecule and the hydride adsorb on separate
Diffraction studies by TEM indicated that the ALE growths surface sites, followed by the formation of intermediate com-
are single crystal. The GaAs layer is about 800 A thick as plexes and then the desorption of methane.5 Another model
measured by TEM. Figure 4 shows an AlAs sample angle showed that intermediate complex formation takes place in
lapped at 1/3". The dark line is the AlAs layer grown by the gas phase.' It was also proposed that complete reaction
ALE. It is about 300 A thick. in the gas phase takes place followed by the successive diffu-

The difference in thicknesses between ALE GaAs and sion of small GaAs clusters towards the surface.' However,
AlAs is a result of the flux of the column III species. Ideally, the result of the current experiment clearly indicates that
100 cycles, each depositing one monolayer of column III and MOCVD can also take place through independent deposi-
one monolayer of column V species, would produce a layer tion of Ga and As species.
about 283 A thick. However, the minimum fluxes available In conclusion, ALE of GaAs and AlAs has been dem-
were system limited with the TMG flux several times larger onstrated by MOCVD for the first time. This has been ac-
than the TMA flux. Additionally the minimum reproducible complished by using a new design for the growth chamber
exposure time was one second. Thus for ALE of GaAs, and susceptor. The susceptor incorporates a shuttering ac-
about two to three monolayers of Ga were deposited on the tion which allows the substrate to be sequentially exposed to
surface, whereas in the case of AlAs about one atomic layer different gas streams and also shears off most of the bound-
of Al was deposited. The use of triethylgallium, with its low- ary layer which builds up during exposure. The current re-
er vapor pressure, should allow the deposition of single lay- suIts also indicate that the growth by MOCVD takes place
ers of gallium. The deposition of more than one monolayer is through the independent deposition of both Ga and As spe-
not present in the ALE of II-VI compounds4 due to the very cies. We believe that atomic layer epitaxy will be useful for
high vapor press-ire of the species. growing structures and devices requiring very well con-

In order to make sure that conventional MOCVD trolled thicknesses and/or very abrupt interfaces. Addition-
growth was not occurring from any mixing of gases in the ally, ALE may provide a vehicle for investigating fundamen-
growth chamber, the following experiment was carried out. tal aspects of compound semiconductor growth.
The substrate was exposed to the TMG stream for 3 min This work was supported by Army Office of Research
while the AsH 3 and center H, lines were flowing as described and Air Force Office of Scientific Research.
above. The deposited film had a dull surface and could be
wiped off by a cotton swab. PL on this layer deposited on a
superlattice substrate showed only a very weak GaAs peak. N. R. Leys and H. Veenvliet. J. Cryst. Growth 55, 145 (19811.

wJ. R. Arthur. J. Appl. Phys. 39, 4032 (1968).The corresponding experiment with a superlattice substrate 'S. M. Bedair. T. Katsuyama. M. Timmons, and M. A. Tischler. Electron
exposed only to AsH 3 with the TMG and center H, lines Device Lett. 5. 45 (19841.
flowing showed no GaAs PL peak. Thus, the amount of mix- M. Pessa. P. Huttunen. and M. A. Herman, J. Appl. Phys. 54.6047 119831.

ing is quite small and is not expected to play a significant role 'D. J. Schlyer and M. A. Ring. J. Electrochem. Soc. 124. 569 r19771.iW. H. Petzke. V. Gottschalch. and E. Butter, Kristall Tech. 9, 763 19741in the ALE process. I. A. Frolov. P. B. Boldyrevskii, B. L. Druz, and E. B. Sokolov. lnorg.

The ALE method gives more insight into the MOCVD Mater. 13. 632 1977).
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Growth of InAsl - Sb, (D <x< 1) and InSb-lnAsSb superlattices by molecular
beam epitaxy

G. S. Lee. Y. Lo, Y. F. Lin, S. M. Bedair, and W. D. Laidig
Department of Electrical and Computer Engineering North Carolina State University. Raleigh. .Vorth
Carolina 27695-7911

(Received 20 June 1985; accepted for publication 26 September 1985)

Thin films of InAs, - , Sb, (0 < x < 1) have been deposited on GaAs and InSb substrates in the
temperature range 300-400 C using molecular beam epitaxy. The solid composition was found to
be quite sensitive to the Sb flux and less sensitive to As flux. InSb-InAsSb superlattice structures
have also been grown and studied. Both the ternary alloy and the superlattice structures can be
potential material systems for detectors covering the 8-12-,u range.

Recently there has been extensive interest for detectors the 8-1 2-/um spectral range. InAs,$bo.6 has the lowest
covering the 8-1 2 -ym spectral range where minimum atmo- band gap (Es = 0.1 eV at room temperature) of the Il1-V
spheric absorption is present. Although the HgCdTe materi- compound semiconductors.' Thus detectors built from this
al system plays the major role for detectors covering this alloy can have a cut-off wavelength A, of about 12 and 9 Mm
spectral range, InAs, - , Sb_ ternary alloys with x-'0.6 can at room temperature and 77 K, respectively. Previous efforts
offer an attractive alternative for detectors covering part of to grow epitaxial layers of InAso4 Sbo6 by liquid phase epi-
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taxy (LPE)2 and molecular beam epitaxy (MBE) have been Io

only marginally successful. Recently, however, InAsSb has In AsIx Sbx

been epitaxially grown using metalorganic chemical vapor
deposition (MOCVD)." In addition, the fabrication of p-n 08- 0 0

junctions in this ternary alloy has been reported' However. -

at 77 K, further reduction in the band gap of the InAso, Sbo o
is necessary for detectors based on this ternary alloy to cover - 0.6

the entire 8 -1 2 -/Am range. This can be achieved using the o
following approach. When a net tensile strain is applied to =

0
InAso 4 Sbi 6 further reduction in the band gap can be
achieved. Such strain can be achieved when a thin j 0.4-

- s - 305
InAso.4 Sb,, 6 film is sandwiched between two InSb films. Y">.}) In BFP- 3.0210

"y 
T

Thus, an InSb-InAso.4 Sbo.6 multilayer structure or a "
strained layer superlattice (SLS) can result in necessary 0.2- SbEP-2.4xl0 T

band-gap reduction to allow detectors built with the SLS
structure to cover the 8-12-/am range. Calculations predict-
ing band-gap values for the InAs,_,Sb.-InAs,Sbo 0.002 0 0 2.0 5.0(x > 0.6) have been reported by Osbourn." We describe here As SEP (s 0o" T
the epitaxial growth of InAs, Sb , in the composition FIG. 2. Crystal composition x of InAs, -, Sb, as a function of As beam

range 0 < x < I using MBE. We also report our initial results equivalent pressure I BEP) at a substrate temperature of 305 *C.

on the synthesis of InSb-InAsSb SLS. MBE can be a quite
suitable technique for the growth of the ternary and the SLS Deposition was carried out with substrate temperatures in
due to its ability for thickness control and deposition at rela- the range of 300-400 *C. The In flux was adjusted to deposit
tively low temperature. about 0.6 /Am/h. X-ray diffraction was used to identify the

The epitaxial growth was carried out in a Varian 360 deposition of InSb on GaAs substrate and the composition
system using both GaAs and InSb substrates. The GaAs and (x) of the InAs - Sb, ternary compounds.
InSb substrates were etched prior to growth in 7:1:1 The first set of experiments was carried out at substrate
(H2SO4 :H20 2:H20) and 8:1 (lactic:HNO3), respectively. The temperature T, = 305 °C to study the effect of Sb on the
source materials were elemental In, Sb, and As. Beam equi- composition x, for given fluxes of In and As. Figure 1 shows
valent pressures (BEP) were measured under growth condi- the variation in the value of x with Sb BEP for the case when
tions by interposing an ion gauge flux monitor to intercept the BEP's of In and As were kept constant at 3 x 10- Torr
the molecular beam. The measured BEP, when corrected by and 1.3 x 10- 6 Torr, respectively. As shown in this figure,
the background pressure, is assumed to be proportional to changing the Sb flux can result in solid composition in the
the In, Sb 4, and As4 fluxes incident on the substrate surface. range 0 < x < 1; however, the value of x is very sensitive to Sb
Predeposition heating of both InSb and GaAs substrates at flux especially for low values of x. The second set of experi-
450 'C under Sb4 overpressure was found to be adequate. ments was carried out to study the effect of As flux on the

value of x for constant In and Sb fluxes. Figure 2 shows that

1_ the value of x is not very sensitive to the As flux. There was

In almost no variation in the value of x as a result of changing

Ts - 305 *C
1.0

; 0.8 0 0.8"In s,-xSbx

z" 0.8

2z
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00.6-
0 0
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T
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FIG. I. Crystal composition x of InAs, _ ,Sb, vs Sb BEP at a substrate FIG. 3. Dependence of the crystal composition x of InAs, ,Sb, on the
temperature of 305 C. substrate temperature.
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and 67 s, respectively. Ninety periods were deposited, result-
nSb - nAs, ,Sb1 SILS ing in a total thickness of 1.5 .m as measured from a cleaved
Z L. 150 ocross section. The period of the SLS is approximately 150 A.

consisting of 50 A of InSb and 100 A of InAsSb. This is
consistent with growth rates from thicker calibration sam-
pies InSb and InAsSb. Figure 4 shows the x-ray diffraction

SLS pattern of the InSb-InAsSb SLS structure. The zero-orderz -0
, diffraction, n = 0, gives the average lattice parameter of the

SLS, although this does not correspond directly to the aver-

age composition of SLS. The average composition was ob-
S,. GaAstamined from an electron microprobe (EMP) measurement on

Gas the entire SL structure. EMP shows that on the average the
fis-I"Ka K,,

1  Kg SL has 8.8 at. % of As. Due to the thickness ratio of the

n--2 individual layers this will correspond to about 13 at. % of As
_ _in the ternary alloy, i.e., x = 0.74. The satellite peaks located

L _ _ _ _ __ _ _ _for example at n = + I are due to the periodicity of the
57 -'-.. -- structure,' 9 and indicate a period of about 150 A. This. is56 57 structure

DIFFRACTION ANGLE. 291 DEGREES) consistent with the value obtained from the total thickness of

FIG. 4. X-ray diffraction pattern of strained layer superlattice with alter- the 90 periods and is also in agreement with our predicted
nating layers of x - 0.74 InAs - ,Sb, and InSb. growth rates.

In conclusion, thin films of InAs, _ Sb, have been de-

the As BEP by a factor of 50, using In and Sb BEP's of posited on GaAs and InSb substrates over the composition

3x 10-7 Torr and 2.4X I0' Torr, respectively. We have range 0 <x< I. The composition of the solid film was found
also observed that the surface morphology of InAs, - Sb to be fairly sensitive to both the growth temperature and the

film, for a given value ofx, deteriorates with excessively high Sb flux, but much less sensitive to the As flux. In addition, it
As flux. Thus, from Figs. I and 2, it seems that varying in the has been demonstrated that the growth of InSb-InAsSb

Sb flux is more effective in controlling the solid composition superlattices is possible. Results for an InSb-InAso, 6 Sb 0 ,
of this ternary alloy. The third set of experiments was per- SLS with 150-A-thick periods have been described. These
formed at different substrate temperatures and for fixed val- InAsSb ternary and the InSb-InAsSb SLS structures should
ues of In, As, and Sb BEP of 3 x 10-', 1.5 x 106, and have potential applications for detectors covering the 8-12-

3 x 10" Torr, respectively. Higher values of x can be jm spectral range.
achieved at low substrate temperatures as shown in Fig. 3. This work is supported by the National Science Founda-

Similar observations were reported on the MOCVD growth tion and the Army Office of Research.

of InAs, - Sb, .4 Thus, adjusting the substrate temperature 'J. c. Woolley and 1. Warner, Can. J. Phys. 42. 1879 (1964).
may offer a convenient way of controlling the solid composi- 2G. B. Stringfellow and P. E. Greene, J. Electrochem. Soc. 118. 805 (1971).

tion, especially for low values of x. 'W. J. Schaffer. Third MBE Workshop, University of California, Santa Bar-
An InSb-InAsSb SLS was deposited on a GaAs sub- ba(1981).

AP. K. Chiang and S. M. Bedair. J. Electrochem. Soc. 131, 2422 (1984).
strate at T, = 350 *C. The BEP of In, Sb, and As was kept at 'T. Fukui and Y. Horikoshi, Jpn. J. Appl. Phys. 19, L53 (1980).
3 X 10' , 3.1 X 10- 7, and 1.3 X 10-', respectively. The SLS 'P. K. Chiang and S. M. Bedair, Appl. Phys. Lett. 46, 383 (1985).
was grown by keeping the substrate exposed to In and Sb 'G. C. Osburn. J. Vac. Sci. Technol. B 2. 176(1984).

fluxes at all the times, while the As shutter was microproces- 'w. D. Laidig, C. K. Peng, and Y. F. Lin, 3. Vac. Sci. Technol. B 2. 181
(1984).
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M. Quillec, L. Goldstein. G. LeRoux. J. Burgeat, and J. Prirnot. J. Appl.
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New laterally selective growth technique by metalorganic chemical vapor
deposition

S. M. Bedair, M. A. Tischler, and T. Katsuyama
Electrical and Computer Engineering, North Carolina State University, Raleigh. North Carolina 2 7695-7911

(Received 17 June 1985; accepted for publication 10 October 1985)

Laterally selective growth of III-V compounds has been successfully demonstrated by
metalorganic chemical vapor deposition. This was achieved by using a specially designed growth
chamber and susceptor that allows the substrate to move with respect to a stationary GaAs or Si
mask. We have used this technique to selectively deposit GaAs, _x P_ with different values of x
and a GaAs-GaAsP superlattice on a single GaAs substrate. We have also selectively grown
multiple color light-emitting diodes on a GaAs substrate.

Integrated optical and electronic devices require the rotating part A using a feedthrough at the base of the growth
fabrication of many different components, each with its own chamber. The reactant gases are introduced into the growth
material and structural requirements, on one chip. Opti- chamber through an inlet tube which directly faces the win-
mum performance of integrated devices necessitates sepa- dow and mask located in the fixed part F. This will allow the
rate structures which fulfill the material, thickness, and dop- substrate to be exposed to a direct stream of the reactant
ing requirements of each type of device. Current a tivities in gases. The recess in part R and the substrate thickness are
this integrating process have mainly relied on the same mul- chosen to allow minimum clearance between the substrate
tilayer structure to fabricate the different optical and micro- and GaAs mask.
wave components. "- Thus a single or multilayer structure Selective epitaxy is achieved by exposing part of the sub-
that can be optimum for one particular device, a field-effect strate to the incoming gas stream; the rest of the substrate is
transistor (FET) for example, will not satisfy the device covered either by the GaAs mask or by a portion of the fixed
structure required for a detector or laser. This restriction part, F. The desired structure, made of single or multiple
imposes severe limitations on the integration of different layers, with the desired material, thickness, and doping
components, such as lasers, light-emitting diodes (LED's), specifications, can thus be epitaxially grown on this un-
modulators, detectors, and FET's. Previous efforts to reduce masked area. The substrate can then be rotated to mask the
such limitations have been based on compromises between already grown structure and expose a new part of the sub-
different device structures or by selective etching' to :emove strate on which a different structure may be deposited. Such
unwanted layers or ion implantation" to selectively dope dif- a process can be continued, as necessary, to selectively grow
ferent device structures. The necessary processing usually any number of structures that are needed. We have demon-
requires several separate growth steps as well as masking, strated this new growth process by selectively depositing
etching, and lift-off, which may result in a low yield. Selec- GaAs GaAs, P., GaAs, P,, and GaAs-GC*AsP) su-
tive area growth by molecular beam epitaxy (MEBE) using a
movable shadow mask to achieve epitaxial writing of GaAs o., tb
has also been reported.- However, multilayer writing using
this technique can be difficult due to the requir.ments of
precise registration inside the MBE chamber.5 Selective
growth by both MBE" and metalorganic chemical vapor de-
position (MOCVD) 7 through windows in Si0 2 has also been
reported; however, the same layered structure is deposited in
each area. The ideal situation is to deposit different struc-
ture on selected areas of the substrate. These structures can CnMs W a metatm
be tailored to achieve optimum performance for the different Anmo. pan A~devices |

We report here, for the first time, initial and promising " tube

results to achieve such goals. Laterally selective growths of
different material systems and multilayer structures are de-
posited on a GaAs substrate using MOCVD. This is
achieved by a new susceptor design that allows relative mo-
tion between a GaAs substrate and a Gas mask. Rat"" feedtM2, l

The experimental setup is shown in Fig. 1. The rf heated td u

susceptor is made of graphite coated with silicon carbide and " "
consists of several parts. Fixed part F has a window in which e.hubst

,. ,t. the G"a &s m ask is lted.t, ' Thet Ga As state s~t its in a, recs FIG. I. Ezperimental setup for selective epitaxy. The substrate as located in
the, ... ..... ... ... .... the recess in rotating pan F. Fixed pan F has a window in it in which the
in the rotating part R. The position of the substrate, with GaAs mask is placed. The reactm ases enter through the inlet tube and
respect to the opening in the GaAs mask, is controlled by flew directly onto the mask and substrate.
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A- GAs subsiri surface

T= 7 70K

7520 1610/ 773\0 7 8 46 7968

12.0% 10.0% 8.0% 5.0% 4.0% FIG. 2- Surface morphology and pho.
toluminescence spectra for five layers
of selccavely grown GaAs, -,P., withk
x -4, 6, 9, 10, and 12%. The numbers
beside each spectra are the intensity
normalization factors.
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perlattice structures on a single GaAs substrate. ure 2 shows the surface of the selectively grown GaAs, P-
The GaAs substrates were (100), oriented 2' towards layers forx =4, 6, 8, 10, and 12%. The PL spectra of eachof

(110), and the growth temperature was 650 T. AsH3, PH3, these selectively grown areas are also shown in Fig. 2. Figure
and trimethylgalliumn (TMG) were used as sources for As, 3 shows a photomicrograph of these layers, showing that
P, and Ga, respectively. The n- and p-type doparns were their width mn this region is about 600pum each.
H.Se and dimethyizic: (DMZ), respectively. The first set of The compositional variation across the selected growth
experiments utilized a mask with an opening about 1 cm long regions has been studied using scanning PL. The sample was
and 1000Mum wide. Five GaAs, _. P., layers were selectively mounted in a cryostat and cooled to 77 K. An Ar' ion laser
grown with different values of x. Different atomic percent of beam is scanned across the sample in 25jtm steps. The vari-
GaP in these layers was achieved by changing the PH3 mole ation, for a typical sample, of PL peak wavelength with posi-
firaction in the gas phase, while those of AsH3 and TMG tion is plotted in Fig. 4. The flat regions in Fig. 4 correspond
were kept constant Photoluminescence (PL) at 77 K was to areas with uniform composition and their PL spectra are
used to determine the value of x for the different layers. Fig- quite sharp. In the transition regions (between two areas of

different, but uniform composition) the PL spectra are

4Wavele1ngth (A) %GCP

8000. 4

7700..

?400

I6 A 60FM1

7500.1

'4
7400

0 goo 1000 1900 2000 2500 3000

Distance (jYm)
FIG. 3. Photomnicropraph of three layers of selectively grown GaAs, -P, FIG. 4. Photoluminescence peak wavelength and percent GaP vs position

with x6,, anad 10%. acros a substrate with five layers of selectively grown GaiAsP)
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broader and may be the result of signals originating from the ness grading of deposited layers, however, can be beneficial
two adjoining regions. The width of the regions where the in certain applications. For example, this tapered film can be
PL wavelength changes between two constant values varies used to couple light to another film with a different index of
from 20 to about 1 50/um as shown in Fig. 4. These values can refraction.' Also, growth through an opening in a fairly
be considered as the upper limits for the transition width thick mask will lead to a low growth rate near the walls of the
between two adjacent selective growth regions since the laser mask and high growth rate in the center of the opening. This
beam has a finite size. thickness variation will result in a curved surface which is

We have also used this selective growth technique to desirable in some light-emitting devices.
fabricate multiple color LED's on a single GaAs substrate. The clearance between the mask and the substrate will
The emission spectra peaked at 9100, 8400, and 8700 A for allow gases to be trapped in such a gap. Thus growth may be
low levels of current injection. LED structures were ob- present on parts of the substrate that are already masked.
tamed by selectively growingp-n junctions in Ga (AsP) with For a gap of few mils thick, we found that such an effect does
different compositions and thus band gaps. For the present not constitute any serious problems. Angle lapped samples
growth temperature, it was not possible to achieve a high (1/3 for selected growth areas show that there was no
enough Zn doping level for good ohmic contacts, especially growth in the masked regions. This might be a result of the
for high GaP content. For this case, junctions were fabri- fairly low mole fraction of the active molecules, such as
cated by Zn diffusion into n-type selectively grown layers. TMG, in the carrier gas. For example, with a TMG flow rate
This was achieved in an evacuated ampoule containing of 10- ' mol/min in 500 cc/min of H, carrier gas, the
ZnAs2 heated to 600 *C for 3 h. Device fabrication used stan- trapped gases in a few mils thick gap will form less than a
dard metallization and etching techniques. monolayer of GaAs in 1 min.

The process of selective growth using a moving sub- In conclusion, laterally selective growth has been suc-
strate relative to a fixed mask can be a promising approach to cessfully demonstrated using MOCVD. This was achieved
integrating several devices. However, we believe that there by using a specially designed susceptor that allows the sub-
are several factors that have to be addressed before such an strate to move with respect to a stationary GaAs mask. We
approach can be made to meet most of the desired require- have used this technique to selectively deposit GaAs, _ P-
ments. Since the growth is carried out from sources in the gas on a single GaAs substrate with different values of x and to
phase, abrupt transitions in the lateral directions from one obtain multiple color LED's on a single GaAs substrate.
selective area to the next can be difficult to achieve. We have This masking technique can also be used to obtain a tapered
found that the thickness of the deposited layer is very small film light-wave coupler and also as a means to grow films
near the edge of the mask and then gradually approaches the with curved surfaces.
desired thickness. The length of this taper depends, in part, This work is supported by the Army Research Office
on the thickness of the mask itself. This is a result of the and the Air Force Office of Scientific Research.
inefficient process of supplying source molecules (TMG) and
getting rid of reaction products (CH4) close to the edge of the 'o. Wad. S. Miura. M. Ito, T. Fujii, T. Sakurai, and S. Hiyamizu, Appi.
mask. This is especially true of a growth process that is con- Phys. Let. 42, 380 (1983).
trolld bc F. K. Reinhart and R. A. Logan, Appl. ys. Lett. 27, 532 (1975).
trolled by mass transport mchanisms. Reducing the thick- Shita, chiro Nakao, Yoichi Sasal, boichi Kimura, Nobuyasu Hase.
ness of the mask can minimize such problems. For example, and Hiroyuki Senazawa, Appl. Phys. LetL 45 191 (1984).

gradual variation over distances of several thousand mi- 4R. M. Kolbas, J. Abrokwah, 1. K. Carney, D. H. Bradshaw. B. R. Elmer,

crons, several hundred microns, and a few tens of microns and 1. R. Biard, Appl. Phys. Lett. 43, 821 (1983).

for mask thicknesses of 200, 20, and 6 mils, respectively, was 9W. T. Tsang and A. Y. Cho. Appi. Phys. Lett. 32, 491 (1978).
'A . Y. Cho and W. C. Ballamy, Appl. Phys. Lett. 46, 783 (1975).

observed. We believe that even further reduction in the taper IC. GhoRh and R. L. Layman, Appi Phys. Lett. 45. 1229 11984.
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InAsSbBi and InSbBi: POTENTIAL MATERIAL
SYSTEMS FOR INFRARED DETECTION

S. M. Bedair, T.P. Humphreys, P. K. Chaing, and T. Katsuyama

Electrical and Computer Engineering Department
North Carolina State University

Raleigh, North Carolina 27695-7911

ABSTRACT

InSb-x Bix (0.01 < x < 0.14) and InAsSbBi quaternary alloys are

attractive materials for the development of semiconductor infrared detectors

covering the 8-14 pm range.

We report for the first tim, MOCVD growth of InSbIx Bix (0.01 <x

0.14) and InAsl..x-y Sbx B with 0.5 < x < 0.7 and 0.01 <y <0.04 on both

GaAs and InSb substrates using AsH3, TMSb, TEl and TMBi. Electrical

measurements of the undoped Iro.99 Bio.o1 shows a beckground carrier

cancentration of approximtely 1016 /cm3 and a rocm temperature Mobility of

20,215 cm2/V.sec. To-date, these are the best reported electrical

measurements for this ternary alloy.

The formation of a secondary Bi phase and single crystal growth of

metallic bismuth-antimony at the surface of In Sbl.x Bix which results in

deterioration of morphology with increasing values of x is also investigated.

A wide range of analytic techniques, including SEM, EDX, electron microprobe

and AES have been employed in our surface analysis.

Introduction

This paper reports the first results on the epitaxial ly growth of thin

film InSb1_x Bix (0.01 < x < 0.14) and InAS1_x-y Sbx Biy with 0.5 <x <0.7

and 0.01 <y <0.04 semiconducting alloys by MOCVD.
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Present results include growth parameters, electrical, and crystal

characterizations. Surface derived features for InSb._ x Bix were also

investigated by SEM (scanning electron microscopy) with supplemental element

identifications by EDX (energy dispersive X-ray analysis), electron

microprobe analysis and AES (Auger electron spectroscopy).

Results and Discussion

Epitaxial layers were grown in a vertical quartz reactor operating at

atmospheric pressure. Arsine (AsH3), Triethylindium (TEI) (Alfa),

trimethylantimony (TMSb) (Alfa) and trimethylbismuth (TMBi) (Alfa) were used

as arsenic indiuuq antimony and bismuth sources, respectively. The TMBi

bubbler was maintained at approximately -12fC, thus keeping the partial

pressure of the TMBi vapor in the gas phase low enough to deposit a few

percent of Bi in the solid phase. Epilayers were grown on both (100) InSb

and Cr doped semi-insulating GaAs at a growth temperature of 4450 C.

Compiled in Table 1 is a summry of the growth parameters, solid

composition, carrier concentration and carrier mobility for several

InSbxBi x and InAsSbBi samples. In the absence of a high resistivity InSb

substrate all Hall measurements were conducted on InSbix Bix and InAsSbBi

epilayers deposited on semi-insulating (100) GaAs. All grown InSx Bix

epilayers were n-type with carrier concentrations in the low 1016 /cm5 to tie

101 7 /cm3 range. The same range of carrier concentration was also observed

for the deposition of epilayers of InSb under similar conditions (without Bi

doping). In particular, it is clear that the addition of a few percent of

Bi to the InSb solid film does not result in a significant change in the

carrier concentration. A dramatic improvement however is observed in tie

electron mobility, even in cases were the solubility limit of Bi is

717,"ar
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exceeded. For instance, the epilayer InSbO. 86 B0. 1 4 has a electron mobility

which is approximately twice the mobility of a InSb film ( 5000 cm2 /V sec)

grown under similar conditions. (Table 1) Epilayer thicmess for both InSb

and InSbl-x Bix corresponding to sample runs 229, 231 and 233 was

approximately 1 pm. When thicker layers of InSbl x Bix were deposited 2

jm (run #253), a electrot mobility of 20,215 cm2 /V.sec was recorded at room

temperature. The corresponding mobility at 77K was 6800 cm2 /V.sec. This

decrease in mobility at low temperature is attributed to the predominance of

a Dexter-Seitz's dislocation scattering mechanism. Further, it is noted

that the mobility of this material is far superior to that grown by existing

MBE techniques. For instance, with a comparable Bi concentration in the

solid, carrier concentrations and mobilities grown by MBE are 1.6 x 1018/cM3

and 480 cm2 /V.sec, respectively [1,2]. This may be compared to 4 x 10 16 /cm3

and 20,215 cm2 /V.sec in the present study.

Also compiled in Table 1 are the electrical chracteristics of the

InAsSbBi alloys. Carrier concentrations of the grown films are in the high

10 16 /cm3 to low 1017 /cm3 range. The incorporation of Bi in InAsSb, although

improving the Mobility slightly, resulted in a significant degradation of

surface morphology.

Tne surface morphology and microstructure of the InSbjx Bi epilayers

corresponding to a InBi mole fraction of 3% (run #233) and 12% (run #229) are

shown in Figure 1 (a) and (b), respectively. Three regions are clearly

defined on both SEM micrographs. Region A, we identify as polycrystalline

coherent precipitates. They have a regular geometry, both square and oblong

in appearance, and are randomly distributed over the surface. The

corresponding distribution surface density is largest on the InSlx Bix

epilayer for x = 14.5 (run #239) and is reduced to very low levels with

, 5 5 . .. S * . .
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decreasing x. The precipitates are sme 11, ranging from I pm to 5 pm

Dimensions perpendicular to the surface are of the order of 1000 & as

determined by Ar4 ion milling and alpha step measurements. Orthorhombic

single crystal formation with prefered surface orientation is clearly

illustrated in region B. Dimensions of these single crystals are large,

varying in length from 5 pm to 10 pm. Surface distribution density is

largest for the InSb._ x Bix (x = 14%) epilayer and as x is reduced below the

bulk solubility limit [3,4], the features completely disappear. Region C

represents an intermediate area between the polycrystalline phase and single

crystal structures that is both featureless and smooth.

Examination of the various surface regions by EDX gives several

interesting results (Figure 2). For instance, Region A is mainly composed of

Bi precipitates segregated at or near the surface. Indium is also

incorporated in this polycrystalline precipitate as confirmed by electron

V imicroprobe analysis. Furthermore, employing glacing angle x-ray diffraction

confirms the presence of polycrystalline phases of InBi and In 2Bi together

with metallic Bi [1,2]. Region B has been identified as single crystal

(metal-elloy) BiSb that is fornd during growth due to an excess of free

antimony at the surface. Auger analysis confirms the presence of a Sb rich

surface in all of the InSbj_xBi x epitaxial grown films. Coalescence of

free Bi and Sb on the surface to form single crystal BiSb on cooling is

tentatively proposed. The smooth mirror-like surface pertaining Region C is

depleted of Bi and appears to be composed only of InSb.

In the case of InSb- xBix (xu.01) whose InBi % composition is below

the solubility limit of 2.6% in InSb [3,4], the surface morphology was good

with only a small surface density of second phase polycrystalline Bi

precipitates.



In conclusion, we have successful ly grown InAsSbBi quaternary and

InSb1..xBix epilayers over a wide range of x values. High electron

mobcilities have been recorded for these InSbii..XBJX films gwnbelow the

InBi% solubility limit. A trend reflecting the deterioration in surface

morphology with increasing x has been observed. Investigation of the

corresponding surface microstructure revealis the predominance of

polycrystalline phases Of In2 Bi, InBi and metallic Bi. The presence of

meallic alloy BiSb is also observed on those films were the InBi% exceed

the solubility limit.
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RUNI Growth Epi layev Gas Phase Composition Solid Carrier MooiI ty
Temperature Thiccnss (Pm) (p mol./mtn) Composition Concentzation ja(CM /V.3--t

(OC) TEX 2~b ASH3 2M3± InSo% In~i% n Wca1) (300K) (300K]I

22B 445 1 so a - 3 - 10~,16 5C

229 445 1 80 8 - 1.2 - 12 1 x 017500

231 445 1 s0 8 - 2.4 - 14.5 Z x1017 10,940

233 445 1 80 8 - 0.5 - 3 7 x10 1 6  4CCO

253 445 2 80 8 - 0.3 - (1 4 x1016 2,215

235 445 1 130 16 5.5 1.2 52 4.4 6 x1016  6000)

236 445 1 160 20 5 1.2 52 1 2 x10178(

TABLE 1 Growth conditions and electrical Hall asur-emants for
InSb1 ..1 Bix and InSbAs~i
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Growth of InSb and InAs,_,Sb, by OM-CVD
P. K. Chiang and S. M. Bedair

Department of Electrical and Computer Engineering, North Carolina State University, Raleigh, North Carolina
27695-7911

ABSTRACT

Organometallic chemical vapor deposition (OM-CVD) growth of InSb and InAs,--Sb, has been obtained using tri-
ethylindium (TE), trimethylantimony (TMS), and arsine (AsH) on (100) GaAs, (100) InSb, and (111)-B InSb substrates.
InSb with excellent morphology was achieved on both (100) InSb and (111)-B InSb substrates. The measured electron
mobility at 300 K of undoped InSb grown on (100) GaAs semi-insulating substrates was 40,000 cm'/V-s at a carrier con-
centration of No-N, = 2.0 x 1011 cm - . Carrier concentration of ND-N = 1.2 x 10'5 cm- 3 has been measured at 77 K.
InAs,_.Sb, (0.07 1 x c 0.75) with mirror-like surfaces have been grown on (100) InSb and InAs substrates. This composi-
tion range of 0.55 < x < 0.75 (Eg - 0.1 eV) has been successfully achieved for the first time. Solid composition variations
as a function of growth temperature and InSb substrate orientations are also discussed.

There are two wavelength ranges, 3-5 and 8-12 Am, In this paper, we report for the first time the epitaxial
which cover the atmosphere window where minimum ab- growth of InSb on InSb substrate by OM-CVD. Optimum
sorption is present. The InSb infrared detector has growth conditions for mirror-like surfaces and the electri-
significant application for the detection of 3-5 'Um radia- cal properties of the epitaxial layers will be presented.
tion. This material has received increasing attention over Also, we Teport here the growth of InAs,-,Sb, on InSb
the past few years. Epitaxial growth of InSb has been re- and InAs substrates with mirror-like surfaces over the
ported by LPE (1); however, there are several problems cotnposition range 0 < x i 0.75.
associated with the surface morphology. MBE growth of
lnSb (2) has been also recently reported; however, the Experimental
electrical properties of the epitaxial layers have not been Epitaxial layers were grown in a vertical quartz reactor
reported. Organometallic chemical vapor deposition (OM- (9.5 cm id and 30 cm long) using 300 kHz RF induction for
CVD) is a potential technique for the epitaxial growth of heating the graphite susceptor. Triethylindium (TEl)
InSb on large area substrates with surface morphology (Alfa), trimethylantimony (TMS) (Alfa), and arsine (AsH,)
and electrical properties suitable for infrared focal plane (5% in H,, Mathoson or Phoenix Research) were used as
arrays. Relatively little work has been reported on the indium, antimony, and arsenic sources, respectively.
growth of InSb and its alloys by OM-CVD. Manasevit (3) Palladium-diffused H, was used as the carrier gas at a
reported the growth of InSb on A12O by OM-CVD with a nominal flow rate of 3.6 I/min. Substrates included (100),
room temperature mobility of 15,000 cm'/V-s and a carrier (111)-B InSb, and (100) 2" toward [110] InAs and Cr-doped

* concentration of (2-3, x 10" cm -3; however, no discussion semi-insulating GaAs.
of optimized growth parameters and the growth of epi- Both InSb and GaAs substrates were prepared by
taxial layers on InSb substrates has yet been reported. cleaning with TCE, acetone, and methanol. Final treat-

InAst.Sb, with x - 0.6 has the lowest bandgap (- 0.1 ments included an 8:1 (lactic acid:HNO,) etching for InSb,
eV) of the rn-V compounds. This bandgap can be suitable and a 7:1:1 (HSO:HO:HO) etching for GaAs substrates.
for detectors in the 8-12 Mm wavelength region. The deposition temperature for InSb was varied from
InAs,_,Sb, epilayer growth by LPE is difficult because 375' to 480*C. Both TEI and TMS flows were started
of the very wide separation of liquidus and solidus curves when the substrate temperature reached the growth tem-
in the phase diagram (4). There have been several reports perature for InSb deposition. No group V overpressure
of OM-CVD growth of InAs,_ ,Sb, on InAs and insulating was maintained during the preheat.
substrates (5, 6); however, poor surface morphology of the InAs,_,Sb, growth on (100) InSb substrates showed
epitaxial layers has always been a problem especially for mirror-like surface morphology with different III/V ratios.
high value of x. We are not aware of any reported However, it had not shown satisfactory surface morphol-
epitaxial growth of InAs,_.Sb, with 0.5 < x < 0.7, where ogy on (111)-B InSb substrates; therefore, we concentra-
the bandgap is about 0.1 eV. ted our experiments on (100) InSb substrates.
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Conventional van der Pauw method on clover leaf [ I I I I I [
samples cut from the epitaxial layers grown on Cr-doped
GaAs substrates was used with alloyed In contacts for the
electrical characterization. X-ray diffraction was used for 0.08-
determining the solid composition of InSb in InAs ,-Sb,.

Results and Discussion
InSb.-The optimum growth conditions which pro- 0.04-

duced the best surface morphology on both (100) and
(111)-B InSb substrates are 4W0C growth temperature
with flow rates of 1.45 x 10-5 mol/min and 1.13 x 10-1
nxollmin for TEl and TMS, respectively. Figure 1 shows E
the surface morphologies of InSb epi-layers grown on "
(100)- and (II)-B InSb substrates under optimum growth uj 0.03-
conditions. The best results were obtained with a slightly -c
In-rich gas phase (TMS/TEI = 0.78 partial pressure ratio) c
similar to the OM-CVD growth of GaSb under Ga-rich gas .

phase done by Cooper et al. (7). This is different from
most arsenic containing growth, such as GaAs, which are 0 0.02-
grown with a group V-rich gas phase. It is more difficult 0
to grow GaAs because excess As is very volatile at the
growth temperature for GaAs: therefore, it is easily sepa-
rated from the binary during growth (8). However, In and
Sb have a relatively low vapor pressure at growth temper- 0.01-
atures less than 480*C. Excess In or Sb will deposit on the I
substrate and incorporate into the layer as In or Sb
droplets.

Figure 2 shows that the growth rate is proportional to
" the TMS flow rate with a constant TEl flow rate and 0 [ 1 I I I

growth temperature. Growth rate varies from 0.01 to 0.043 0.3 0.7 1.1 1.5
Amrnlmin while maintaining good surface morphology. PARTIAL PRESSURE RATIO OF TMS/TEI

Fig. 2. Growth rate of InSb as a function of partial pressure ratio of
TMSITEI with TEl = 2.90 x 10- 1 mol/min and growth temperature
450'C.

This growth rate of 2.5 gm/h makes OM-CVD a very prac-
tical method for the epitaxial growth of InSb.

The dependence of growth rate on growth temperature
with constant TMS/TEI partial pressure ratio is shown in
Fig. 3. Both higher growth rate and better surface mor-
phology have been obtained at a high growth tempera-
ture. At growth temperatures above 4800C, local melting
of the InSb substrate was observed (InSb mp = 525 0C). In
addition, there was no growth when temperature was de-
creased to 375*C, probably awing to the insufficient dis-
sociation of the OM sources. Because of the lack of availa-
ble InSb semi-insulating substrates, we used GaAs (100)
20 toward [110] Cr-doped semi-insulating substrates to

-- -study the electrical properties of the InSb epilayer. It
could be estimated (9) that there exists 10" cm - - disloca-
tion density at the interface between the InSb epilayer
and the (100) GaAs substrate due to their 14% lattice mis-
match. The InSb epilayers grown on GaAs were shown to
be single crystal by x-ray diffraction, however, with poor
surface morphology. Figure 4 shows the room tempera-
ture electron mobility vs. the partial pressure ratio of
TMS/TEI with constant TEl flow rate at two different
gtowth temperatures. All samples show n-type conductiv-
ity at partial pressure ratios of TMS/TEI from 0.4 to 1.5.
At room temperature, carrier concentrations in the range
2 x 10"4 to 8 x 10"6 cm- 3 have been obtained. This range is
close to what can be achieved since at room temperature
the intrinsic carrier concentrations for InSb, n,, is about
2 x 10' CM. At liquid nitrogen temperature, the lowest

measured carrier concentration is about 1 x 1011 cm-1.
This indicates the presence of NO-NA background impu-
rity of the order of magnitude 10l cm- 3 since n, for InSb
at liquid nitrogen temperature is in the 10' cm - 1 range.
We have not yet identified the nature and sources of
these impurities.

Our best room temperature electron mobility is 40.000
cm'fV-s at a carrier concentration of No-N, - 2.0 x 10"

il. I. Swfue mo.~,li.lies of ISh *p1&*rs grown on two InSb cm- 3 (thickness - 1 Asm) grown at 400°C with a 2.9 x 10- 1
ubre" eefea. a (to): (100) InSb subste (300x). b (hot- and 2.47 x 10-s mol/min flow rate of TEl and TMS, re-

ten) (111)" I*Sb suhbtat (300x). spectively. This result is comparable with what has been
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I J concentrations and mobilities for 20 Atm thick InSb
epilayers ranging from 2 to 4 x 10,' cm- 3 and from 5 to 6
x 10' cm'IV-s, respectively. In Fig. 4, we also find that the

0.06 electron mobilities increase from 25,000 cm-/V-s for a 2
Am thick epilayer to 35,000 cm-fV-s for a 4 Am thick
epilayer, which were grown at the same growth condi-
tions. This indicated that mobility is dependent on the
thickness of the epilayer as has been previously observed

0.04- in the OM-CVD growth of GaAs (10). Figure 5 shows the6 temperature dependence of the electron mobility. The
E electron mobility tends towards a maximum value in the
Evicinity of 300 K and decreases monotonically with in-
2. 1creasing temperature. This result is similar to that re-

- ported by Wieder's study of dendritic films of InSb (11).wu 0.03-/"

0.03 Such mobility temperature dependence can be partially
cc explained to be a result of the presence of high disloca-

= tion density in the InSb epilayer on GaAs substrates.
I- Ehrenreich (12) has shown that lattice scattering domi-

IC nates above 200 K and has a temperature dependence of
0 0.02 0 the electron mobility pT - ' . In addition, Dexter and

Seitz (13) have indicated that the density of dislocstions,
N, necessary to give dislocation scattering at temperature
T equal to the lattice scattering is N = 6 x 104T. ,

2 cm--1
which is - 10" cm - at 300 K. Since there exists 10" cm -

2

0.01 dislocation density at the interface between InSb epilayer
and (100) GaAs substrate, dislocation scattering has to be
considered as well as impurity and lattice scattering ef-
fects. Dexter and Seitz also indicated that dislocation
scattering effect increases with decreasing temperature.

0 I The reciprocal mobility can be described as
375 400 425 450 1 1 1 1

==' -- : -- -- -- [1)
GROWTH TEMPERATURE (0c) A A, Al Ad

Fig. 3. Growth rate of InSb as a function of temperature with flow where 1, ,i, ,, and I represent the experimentally mea-
-. rate of TI:TMS =2.9 x I0-:247 x 10- moI/min, sured mobility, impurity scattering mobility, lattice scat-

* tering mobility, and dislocation scattering mobility, re-
obtained using infinite solution liquid-phase epitaxy by spectively. From Putley's paper (14), we estimated that
Holmes and Kamath (1). They reported electron carrier the impurity scattering mobility, at carrier concentration,

I I I I I I Io -iIIl ..
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PARTIAL PRESSURE RATIO OF TMS/TEIa
Fig. 4. Room temperature electron mobility of InSb as a function of HALL TEMPERATURE ( k)

TMSTEI partial pressure ratio (flow rate of TEl fixed at 2.9 x 10 - l Fig. 5. Temperature dependence of the InSb electron mobility. The
monmin) a growth temperatures 400*C (0) and 450*C (_). The measured values of M were used in conjunction with lattice scattering
thickness of all the samples are 1-2 Am except sample A (= 4 Am). mobility At and impurity scattering mobility A' to determine the dislo-
Substrtes oam (100) GaAs Cr-doped semi-insulator cation scattering mobility A.
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n = 10"1 cm-1, p - 1.1 x 10' P.".. For the two curves I { _ I
shown in Fig. 5, the measured values of g were used in (100 -

conjunction with p, = 1.1 x 104 P -13 and At = 1.09 x 10' 70 (100 A
T-'" (11) to determine A,, as a function of temperature by
means of Eq. [1]. The results indicate that ., increases lin- A/
early with temperature. Thus, Eq. [1] can be expressed as 01 T- _' 1.. I_ 60 0 ' -

+-.7 
so- -

JA 1.1 X 104 1.09 x 109 p..

letting A,, = OT wherea3 is constant (=- 330 cm-/V-s/K). a 50 ' ( 01)s -
This result shows that the Dexter-Seitz's dislocation -0 I

scattering mechanism represents the mobility limiting 0 /
N process. Finally, we believe that much higher mobility .

can be achieved both at 77 and 300 K if InSb is grown on 40
0-a lattice matched semi-insulator such as CdTe.

InA3,__Sb,.-InAs _.Sb, ternary layers have been _
grown in the composition range of 0 < x a 0.75 on (100) 100)

z
InSb substrates, with mirror-like surface morphologies. w 30-

O.0The variations of the solid composition at growth temper- 0 440 c --- A-
ature of 460°C with constant TEI and AsH, flow rates is m
shown in Fig. 6. As shown in this figure, the mole per-. a.

cent of InSb in the solid phase cannot be increased sub- 20 -0

stantially upon further increase in TMS flow rates.
Values ofx higher than 0.6 can be achieved by decreasing
the mole fraction of AsH, in the gas phase. This has also
been observed in the case of OM-CVD growth of 10
GaAs,-,Sb,, where reducing the AsH, partial pressure
was found to be more effective in obtaining higher GaSb
in the solid phase than increasing the TMS partial pres- 0 1 I I I
sure as being reported by Bedair et al. (15). Data shown in 400 600 800
Fig. 6, however, are obtained for the minimum AsH., par-
tial pressure that can be obtained from our OM-CVD sys- FLOW RATE OF TEl (ccm)
tem. Another way to increase the value of x is to decrease Fig. 7. Mole percent of InSb in the InAsSb epilayer as a function of
the growth temperature and to increase the TEI flow the flow rate of TEl with the flow rate of TMS:AsH3 = 2.96 x 10-s:
rate. Figure 7 shows the dependence of the InSb percent 1.22 x 10-3 mot/min at growth temperature 460C using (100) InSb
in the solid phase on the TEI flow rate at two different (-o-o-) and (111)-B InSb (--e-) substrates. This figure also shows

As shown in this figure, growth at the mole percent of InSb in the InAsSb epilayer as a function of thegrth teperatuer valflow rate of TEl with the flow rate of TMS:AsH. = 2.96 x 10-1:1.22
440'C resulted in higher values of:x than that at 460°C for x?~mim rw n(0)l~ usrtsa w ifrn

X 10 - s mol/mia grown on (100) IaSb substrates at two different
growth temperatures, 460'C (-o-o-) and 440*C (- --- ).

the same flow rate of reacting gases. A possible explana-
70 tion is that AsH, dissociates more efficiently at higher

temperatures and As is preferentially incorporated into
the crystal over Sb (7). Under this circumstance, lower

60- InSb percent in the solid phase was obtained at highere0 -- -- temperatures. In this figure, we also show the depend-

ente of the solid composition on the substrate orienta-
tions. With each substrate orientation, the InSb percent in

, solid* phase is proportional to the flow rate of TEl. The: 50 rwo growth on (111)-B InSb substrates has a higher percent of
0InSb in the solid composition as compared to the growth
z_ on (100) InSb substrates. This result may indicate that the
• 40- growth is controlled by surface reaction kinetics rather

than by mass transport.
Finally, we had grown InAs,,Sb, with x = 0.63 on (100)

2' toward [110] InAs substrates at growth temperature
Jsu 30 4609C with very good surface morphology. This InSb per-

centage in the solid is higher than what had been previ-
UI ously achieved on InAs substrates by OM-CVD (5, 6).
I, However, further study of the growth on InAs substrates

20 0 has not been done yet.

Conclusion
OM-CVD epitaxial growth of high quality InSb has

10- been demonstrated. This was achieved by careful control
of growth temperature and the TMS/TEI partial pressure
ratio. A rocm temperature mobility of 40.000 cm-'/V-s has

0 1 I I I been measured even with 14% lattice mismatch between
0 10 20 30 the InSb epilayer and GaAs substrate. Dislocation scatter-

ing mechaism has been used to explain the variations of
FLOW RATE OF TMS (cc/min) mobility with temperature.

Fig. 6. Mole percent of InSb in the InAsSb epilayer as a function of InAs,,Sb, growth on (100) InSb substrates has been
the flow rate of TMS with the flow rate of TEI:AsH, = 2.03 x obtained from 7% to 75% InSb in the solid phase with
10-5:1.22 x I0-s aol/min at growth temperature 460"C using (100) good surface morphologies. The dependence of the InSb
lnSb substrates, percent in the solid phase on growth temperature and gas
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GaAsP-GaInAsSb SUPERLATTICES: A NEW STRUCTURE FOR ELECTRONIC DEVICES

S.M. BEDAIR, T. KATSUYAMA, P.K. CHIANG, N.A. EL-MASRY, M. TISCHLER and M. TIMMONS
Electrical and Computer Engineering Department. North Carolina State UniversitY, Raleigh..Vorth Carolina 27695- 79/, USA

OMCVD has been used to grow GaAs, _P-Ga,_,In,As. GaAs, _-P-Ga.As,_,Sb, and GaAs,_.P.-Ga,_,lnAs,_,Sb,
superlattices (SL) in the composition range 0 < x < 0.25. 0 <Y < 0.3 and 0 < < 0.5. Growth parameters for the snthesis of these
new structures are reported. Superlattice structures are charactenzed by X-ray diffraction. photolurmnescence and electron rrucro-
probe. Light-emitting diodes (LED's), based on these superlattices have been fa.bncated. We also report the svnthesis of the first
GalnPAsSb quinary alloy obtained by disordenng this new SL. This new structure can be grown lattice-matched to a GaAs substrate
and thus have potential applications in several electronic devices such as HEMT. LED and high speed detectors.

1. Introduction strate. and with a bandgap that can cover the
0.7-1.4 eV range. This will. for the first time.

Advances in electronic devices usually rely on allow the investigation of the electronic properties
progress achieved in the synthesis of new material of this ternary, for 0 < x < 0.5. without the inter-
systems and new structures. The superlattice (SL) ference of the high density of dislocations that is
is one of the newly developed structures that has usually encountered in their growth directly on a
both fundamental and technical interest. Most of GaAs substrate.
the superlattice structures that have been studied Another SL structure which can have the same

4 so far are made of two binary compounds, such as potential as GaAsP-InGaAs is GaAsP-GaAsSb.
GaSb-InAs [1], or a binary and ternary corn- It can also be grown lattice-matched to a GaA,
pounds, such as GaAs-AIGaAs, GaAs-InGaAs substrate. This will again allow the study of several
[2,3], GaAs-GaAsP [4] and CdTe-HgCdTe [5]. fundamental properties of the GaAsSb ternarv
However, superlattices made of two ternaries or a compounds, free from substrate-induced lattice de-
ternary and a quaternary compound offer more fects. Additional degrees of freedom can be
degrees of freedom and can have several ad- achieved in SL's made of ternary-quaternary layers
vantages over the present structures. For example, such as GaAsP-GaInAsSb. The quaternary allows
this new class of superlattices can have a large the possibility of achieving lower bandgap energies
band-edge discontinuity and the compositions of than the ternary alloys, for the same lattice con-
the superlattice layers can be adjusted so that the stant. This will lead to less strain in the quaternary
superlattice, as a whole, can be lattice-matched to superlattice layers for the desired low bandgap in
a given substrate. the SL structure. Another advantage in using the

We have recently reported [6] the synthesis of quaternary alloy is that it can avoid certain growth
GaAs,_-P,-InGa,-As superlattice. In this problems. For example. in the case of organome-
structure, with y - 2x and equal layer thicknesses, tallic chemical vapor deposition. rather than grow-
when grown directly on a GaAs substrate, the ing Ga 0 .InoAs which can be fairly difficult due
InGaAs layers will be under compression, whereas to the reaction between In compounds and AsH 3,
the GaAsP layers will be under tension and the the same lattice constant can be achieved by grow-
lattice parameter of the SL layers will be equal to ing the quaternary Gao,,In 0.z3As 0 75 Sb 0 5 1. The
that of GaAs. The uniqueness of this SL structure quaternary alloy has a lower In content than the
is that it allows the growth of strained layers of ternary, thus reducing the elimination reaction in
InGaAs that are lattice-matched to the GaAs sub- the gas phase. We report the growth of GaInAsSb

0022-0248/84/$03.00 10 Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)

% %=

.."



478 S.M. Bedair et aL / GasP - GaInAsSb superlaruces

quaternary alloy and the synthesis of the than about 0.25. The incorporation of Sb in the
GaAsP-GaAsSb and GaAsP-GalnAsSb super- OMCVD growth process is different from the
lattices. Light Emitting Diodes (LED's) based on incorporation of other column V elements such as
this superlattice have been fabricated, emitting at P and As. This is because Sb has a relatively low
1 A&m wavelength, vapor pressure at the growth temperature and

excess Sb will be incorporated in the solid phase.
In order to attain high values of GaSb or InSb in

2. Experimental the growth of GaAsSb or InAsSb, it was found
that it is more effective to decrease the AsH 3

The epitaxial layers were grown by OMCVD at partial pressure than to increase the TMSb partial
atmospheric pressure in a vertical reactor. OM pressure [8,9]. We have successfully grown
sources are trimethylgallium (TMGa), tri- GaAs, -Sband InAs,_,Sb, with y as high as 0.7
ethythyindium (TEI), and trimethyantimony and and 0.8, respectively [8,9].
were kept at 0, 20, and OC, respectively. AsH 3  We have also found that the growth rate of
and PH 3, both 5% in H 2 , were used as the As and GaAsSb [81, especially for high Sb concentrations
P sources. Palladium diffused H2 flowing at a rate in the solid phase, is not completely dependent on
of 3 to 4 I/min served as the carrier gas. Growth the TMGa mole fraction in the gas phase as is the
temperature was varied from 580 to 6501C. The case for GaAsP and AIGaAs. Lower growth rates
substrates were (100)GaAs oriented 20 toward the have always been observed and were found to be
[110] direction. Epitaxial layers and superlattice correlated to the AsH3 mole fraction in the gas
structures were examined by X-ray diffraction. A phase even at growth temperatures higher than
standard scanning 20 diffractometer study, using 6000C. This has been previously explained [8] by
Cu Ka radiation was employed. Photolumines- assuming that the growth rate is the sum of the
cence, electron microprobe analysis (EMP) and growth rates of the GaAs and GaSb sublattices.
optical microscopic examinations were also used The growth rates in these two sublattices are con-
to examine the grown layers. trolled by the AsH 3 and the TMSb partial

pressures.
Table 1 shows examples of the growth condi-

3. OMCVD growth of Ga,_In As _ ,.Sb, tions and solid compositions for several GaInAsSb
quaternary alloys. The solid compositions, lattice

The growth of Ga,_ ,InxAs-,Sby by OMCVD constant and bandgap are determined from EMP,
relies on our previous experiences in the growth of X-ray diffraction and room temperature photo-
the InGaAs [71, GaAsSb [81, and InAsSb [9] luminescence. To the best of our knowledge, this is
ternaries. In order to minimize the parasitic reac- the first reported epitaxial growth of this
tion between AsH 3 and TEL, the mole fraction of quaternary alloy over this range of compositions.
TEl in the gas phase is adjusted such that the In These experimental results are in agreement with
composition in the solid phase, x, should be less the predicted values of the lattice constant and

Table I
Growth conditions for the Gal-,ln.As1 _., Sb, quaternary alloy

Run Growth Gas phase composition (p& mol/min) Solid composition Lattice Band gap
(t)u TMG TEl AsH 3  TMSb x y (A( *c) (A)

115 570 20 4.4 48 106 25 20 5.818 0.851)
116 600 20 3.3 96 71 17.5 4.4 5.732 1.18
117 600 20 5.5 69 106 11 5 5.731 1.2

a) CalculteL



S.M. Bedair et al. /, GoAsP - GaInAsSb superiattices 479

bandgap energy previously reported [10]. As shown sonably good agreement - 10%) between the SL
in table 1 it is possible to obtain, using this periods obtained from X-ray diffraction and from
quaternary alloy, epilayers with Eg = 0.85 eV the thickness of the cleaved layers. EMP was used
without facing the problem of parasitic reaction to determine the composition of the superlattice
between TEl and AsH 3. layers. Assuming equal layer thicknesses in the SL

structure, EMP will give the average composition
of the elements in the SL structure. Thus, values

4. Ga t_,P,-Gat_,lnAs _,SbY superlattice obtained for the atomic fraction of In, Sb and P
from the EMP are one half of that actually present

The choice of growth temperature was critical in the SL layers.
in this study. The incorporation of P is low at low Fig. I shows the X-ray diffraction pattern of
growth temperatures [11] whereas the incorpora- GaAs0 76 Po.24-Ga 0 92 In0o. As0 95Sb0 05 SL made
tion of Sb increases for low growth temperatures. of 30 periods. The growth temperature is 6300 C
Growth temperatures in the range of 600- 630*C and the growth time is 10 s for both the ternary
were found to be a good compromise to incorpo- and the quaternary alloy layers. The zero order
rate the desired atomic fraction of Sb, In and P in diffraction, n - 0. gives the average lattice parame-
the superlattice layers. In order to insure that the ter of the SL and is closely matched to that of the
average lattice spacing of the SL structure equals GaAs substrate. The extra satellite peaks are due
that of the GaAs substrate, a series of calibration to the periodicity of the structure, giving a period
runs were performed to grow separate layers of
GaAsP and GalnAsSb. The partial pressures in
the gas phase were adjusted so that aG0 . - aG0 ,p GaAaP-GainAsSb (SL)

in the ternary layer is about equal to aGtAsb-
a.A, in the quaternary layer. Thus for equal layer GaAs (004)thicknesses in the SL structure, tensile and com-

pressive stresses are hopefully equal in the ternary
and the quaternary thin layers, respectively. The
growth rate of the ternary and quaternary com-
pounds was deduced from the growth of thick
epitaxial layers. Typical growth time ranges from
10 to 15 s for both the GaAsP and GaAsSb or
GaInAsSb layers. The AsH 3 was kept on during
the whole growth period. TMGa and PH 3 were 0
switched on for the growth of GaAsP. This was S
followed by one minute of flushing. Then TMG,
TEl and TMSb were switched on to grow the +2

quanternary alloys. GaAsP-GaAsSb and
GaAsP-GaInAsSb strained-layer superlattices
consisting of 30 to 50 periods have been epitaxially
grown on a GaAs substrate. The total thickness of X4

the superlattice structure, obtained from optical
examination on cleaved layers, was in the range of
1-1.5 psm. The corresponding thicknesses of the . I
individual ternary or quaternary SL layers are in 08.0 6.5 00.0 06.$ 07.0 07.5

the range of 150-250 . The period of these Diffraction Angle (26)

superlattices has also been deduced from the posi- Fi. 1. X-ray diffraction pattern (400) of G&As0 .7 ,P, 2 ,-
Gao.nOl8As. S,1hSb SL The n's show the order or the

tion of the extra satellite peaks 112 observed in the satelite p ohnladn from the penodiaty of the SL
X-ray diffraction pattern. In general, there is rea- Dotted rrows show Cu Ka 2 peaks.
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of 300 A which is consistent with the value ob- greater then the critical thickness [4] h, needed to
tamed from the total thickness of the SL structure relieve the strain present between the two layers.
obtained on a cleaved sample. Thus part of this strain is relieved by the genera-

Fig. 2 shows the X-ray diffraction pattern for a tion of dislocations. These dislocations are gener-
SL with an alloy composition which is comparable ated at the interfaces between the successive layers.
to that shown in fig. 1 for both the ternary and the and the broad peak can now results from the
quaternary alloys; however, the growth time per variation in the d-spacing of the individual SL
layer is doubled. The extra satellite peaks, in this layers. The presence of these dislocations at the
case, are fairly intense and their intensity is com- interfaces manifests itself in the very poor photo-
parable to that of the GaAs substrate. The period luminescence characteristics of this SL. We feel
of this structure is about 630 ,A as indicated from that further work is needed to acquire more under-
the position of the satellite peaks. These satellites standing of such behavior.
seem. to be modulating the diffraction patterns of Zn diffusion [2] into the GaAsP-GaInAsSb SL
two broad peaks centered around 65.250 and structure has resulted in the complete disordering
66.80. The position of these broad peaks are corre- of the SL layers. For example, Zn diffusion in the
lated to the composition of the quaternary layers GaAsP-GaInAs, GaAsP-GaAsSb and GaAsP-
(65.250) and the ternary layers (66.80). In this SL GalnAsSb superlattices resulted in the formation
structure the thickness of the individual layers is of GaInAsP, GaAsSbP quaternaries and the

GaInAsSbP quinary alloy, respectively. Zn diffu-
sion was accomplished via the standard closed-tube

G&AsP-GalnAsSb (SL) technique, where the SL, ZnAs, and InP were
heated for 2 h at 800 0 C. X-ray diffraction in fig. 2

GaAs (004) shows complete disorder of the SL, as indicated by
the disappearance of the satellite peaks. The com-
positions of the homogeneous-disordered alloys
were found to be in agreement with the values

AS GROWN obtained from EMP. Detailed analysis of the vari-
-6 -4 -3 ns.' A ation of the lattice constant and bandgap with

-2 -1 - composition for the GaInAsSbP quinary alloy will
-7 +3 + + be reported [13].

/ I 5. GaAsP-GalnAsSb light emitting diode

An LED structure is shown in figs. 3a and 3b

DISORDERED where the active layer is made of a GaAs0,P 0 . -

I \(GalnPAsSb) In 01 Gao.0 As SL and a GaAs0 .76 P0 ,,-Gao9 21n 0 ,,
P%\ AS0 .95Sbo.05 SI, respectively, DMZ and HSe have
/ \been used for p-type and n-type dopants, respec-
/ \tively. Doping levels are in the 10 7/cm 3 range for

both electrons and holes. A p +-GaAs layer about
---- . 0.2 /sm thick was grown on the Zn doped layers of

660 65s.6 66.0 66.8 67.0 the SL to facilitate the metallization process. This
Diffraction Angle 26 is made possible because the SL structure is closely

&F. 2. X-ray diffraction pattern for fairly thick SL layers. The matched to the GaAs substrate as shown in fig. 2.
layers are of the same composition as that shown in fig. 1. Zn Device fabrication uses standard metallization and
diffusion has resulted in disordering of this SL and thus
forming the GalnAsSbP quinary alloy. The arrow A shows etching techniques. The emission spectra for these

quinary peak. LED's is shown in fig. 4. Lifetime tests were
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p-GaAs p-GaAs

p P
as GaAsP-GalnAs asP sSb

___________ _________ Gaas-Gnnss
n SLS n ;LS

n-GaAs n-GaAs

n-GaAs Substrate n-GaAs Substrate

(a) (b)

Fig. 3. Schematic of the LED structures: (a) GaAs 0.8P0.2-Gao9 In0.1 As; (b) GaAsO.76Po.24 -Gao. 92Ino.ogAso ,Sb0oo.

performed on GaAsP- InGaAs SL LED's at 25 0 C, Sb atoms in this structure.
and several uncoated diodes were aged under con- The GaAsP-GaInAsSb system can have several
stant injection levels of - 20 A/cm for over 200 other potential applications such as high electron
h. We have not observed any degradation in the mobility transistors (HEMT) and high-speed de-
output emission intensity for such operation time. tectors. The multilayered structure is lattice-
We have not yet done any lifetime testing on the matched to the GaAs substrate and thus free from
GaAsP-InGaAsSb SL LED's. lattice defects. The HEMT can take advantage of

The emission spectra in fig. 4b is fairly broad, the high mobility of the low-bandgap material in
which may be because the SL is not exactly the channel and also the large band-edge discon-
matched to the GaAs substrate. This may also be tinuity that will offer better electron confinement.
due the interdiffusion across the interfaces be- In conclusion, we have grown GalnAsSb
tween the ternary and quaternary alloys. Such quaternary alloy by OMCVD. We have also grown
interdiffusion can be enhanced by the presence of superlattice structures made of ternary-ternary

and ternary-quaternary alloys. Growth conditions
were adjusted to grow GaAsP-GaInAsP with a

3440 10oo0 lattice parameter that is matched to the GaAs
substrate, and LED's based on this SL have been

GaA*P-G&InA GaAsP-Oa1nBA6b SLS demonstrated. These SL structures were dis-
SLS ordered to obtain quaternary and quinary com-

pounds.
(a) (b)
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A New GaAsP-InGaAs Strained-Layer Super-
lattice Light-Emitting Diode

S. M. BEDAIR, T. KATSUYAMA, M. TIMMONS, MEMBER, IEEE. AND M. A. TISCHLER

Absvic-The GaAs 1_,P,-ln1Gag_.,As superlattlce (SL) system parameter of the SL layers will be equal to that of GaAs. Such
withy = 2x as am average lattice constant equal to that of GaAs, thus a structure will thus allow the use of GaAs and AIGaAs as buf-
allowing the fabrication of lattice-matched strained-layer double het- fer layers and as confining layers, and all the layers including
erostructures. This new system can provide a large conduction hand-
edge discontinuity and higher electron mobility than the AIGaAs- the SLS have the same lattice parameter. Thi structure can
GaAs system. The strained layers and subsequent GaAs layers epitax- have potential applications in several electronic devices such
ially grown on them were found to be of high quality. Light-emitting as high electron mobility transistors, high-speed detectors,
diodes (LED's), based on this new superlattice, have been fabricated and light.emitting diodes (LED's) in the long wavelength
with emission in the wavelength range 0.9-1.1 gm. These LED's have regions. This new SLS system may have a larger conduction
operated for 200 h without any degradation in the output emission band-edge discontinuity than the AlGaAs-GaAs system. This
intensity. Also a dual-wavelength three-terminai device LED emitting
near 0.87 and 0.9 m has been fabricated. This is one of the inrt would be an advantage in field-effect transistors where field
demonstrations of the potential applications of strained-layer super- strength in the channel may heat the electrons sufficiently
lattices (SLS). to excite them back into the AIGaAs. It should also be noted

that having the potential well for electrons in the InGaAs, one

UPERLATTICE (SL) structures are of both fundamental of the alloys with very high electron mobility, can lead to

and technical interest and two classes of superlattices have electron mobilities higher than those achieved in the AIGaAs-

been investigated. In the first class the superlattice layers have GaAs system.

lattice parameters that closely match those of the substrate, We report here, as an example of the potential applications

such as in the case of the GaAs-AIGaAs and In., 3Gao.4 7 As- of the GaAs, _yPy-lnGai _.As SLS, the successful operation

InP systems. In the second class, the strained-layer superlattice of double heterostructure light-emitting diodes (DH-LED)

(SLS) [I], the alternating layers have lattice parameters that with the active layer made in the SLS. By varying the value of

are different by a significant amount, but the layers are thin x and y (y = 2x) such an LED can operate in the wavelength

" enough to ensure that the lattice mismatch is entirely accom- range 0.87 to 1.59 gm, corresponding to x = 0 andy = 1, re-

- modated by elastically straining the layers without the gener- spectively, i.e., including the ranges where minimum absorp-

ation of misfit dislocations Examples of these SLS are the tion in optical fibers is present, thus covering a spectral range

GaAs-InGaAs[ 2 ] and GaAs-GaAsP systems [3] .These SLS have even wider than can presently be achieved by the InGaAsP/InP

an average lattice parameter that is different from that of the system. Also the emission process in SLS takes place in the

substrate such as GaAs. Thus a buffer layer with the appro- low band-gap InGaAs potential well, with better carrier con-

priate composition and lattice parameter is needed to provide finement, thus allowing a more efficient radiative recombina-

lattice matching to the SLS. For example, a GaAs-In0 .2 Ga0 . As tion process.

SL can be grown on a GaAs substrate through an intermediate The SLS structure has been grown by OM-CVD using TEI,
Ino. IGao. 9 As buffer layer which is not lattice matched to the TMG, AsH 3 , and PH 3 as sources for the In, Ga, As, and P, re-

GaAs substrate. This restriction may generate misfit disloca- spectively. The crystal growth was first calibrated with respect

tion and will not allow the use of high band-gap material such to compositions x andy such thaty - 2x for the In.GaI _.As

as AIGaAs as a confining or window layer for double hetero- and GaAs, _yPy, respectively. The growth rate, examined on

structures as needed for several optoelectronic devices. Here thick layers, was also calibrated to have the same thickness for

we present a new SLS structure made in the GaAs1 .. py - the two ternary layers. A superlattice consisting of 45 layers ofInGa As ternary system. In such structures, with y Zr, LB - 170 A of GaAs0 .8P 0 .2 barrier alternating with 45 layersand with equal layer thicknesses when grown directly on a Lz - 170 A of Ino. Gao.gAs quantum wells was grown on aGaAs substrate, the InGaAs layers will be under ctlysona GaAs substrate. The period (Lz + LB), of the SLS has been
Ga.s sbstrate, thex layer s will be under ens compression obtained from the X-ray diffraction pattern [4] shown in Fig.

whereas the GaAsP layers will be under tension and the lattice
1. The zero-order diffraction peak n = 0 gives the lattice

parameter of the SLS, with a lattice mismatch of less than 0.1
Manuscript received September 29, 1983; revised November 23, percent to the GaAs substrate. The extra satellite peaks are

1983. This work was supported by the Naval Research Laboratory and due to the periodicity of the structure [41, giving Lz + LB =
the Army Office of Research.

S. M. Bedair. T. Katsuyama. and M. A. Tischler are with North 350 A, which is consistent with the value obtained from the
Carolina State University, Electrical and Computer Engineering Depart- total thickness of the SLS structures obtained on a cleaved
meat, Raleigh, NC 27650.

M. Timmons is with the Research Triangle Institute, Research Tri- sample. When Zn was used to disorder this SL [5], the lattice
angle Park, NC 27709. parameter of the disordered SL, which in this case is an
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p-GaAa

___GAsP-InGeAs

n _ SLS

GaAs

n-GaAs

n-GaAs Substrate

E (a)

z SnnAg

Sn _-_GeA_ aGa._._ nA
Th -3 -2 -1 nxo 1 2 -3 Ga/Aa

G&AsP-tnGaAs

66.0 65.3 66.0 66.3 67.0 n-GaAs Substrate

DIFFRACTION ANGLE (20)
Fig. 1. X-ray diffraction pattern (400) of GaAs0 .sP0 .2 -1n 0 .IGAo.9As

SLS. n's show the order of the satellite peaks originating from the
periodicity of the SLS. Sn/Ag

(b)
sq r w u c p o a Fig. 2. Schematics of the LED structures. The GaAso.sPo. 2 -

-nGaAsP quaternary, was found to correspond to the lattice In0 Ga0 9As SLS is made of 90 layers, -170 A thick each with

parameter for the n = 0 peak shown in Fig. 1. total thickness of 1.5 Mum.

The surface of the GaAsP-InGaAs SLS does not have any
lattice misfit dislocation network or cross-hatched structure.
This is in contrast to GaAs-lnGaAs SLS grown in our labora- 440

tory where a slight cross-hatched structure has always been ob-
served. Thiscross-hatched structure [6] is a result of inclined (
dislocationsthat may have originated in the Ino. Gao.gAs buf-
fer layer which is not lattice matched to the GaAs substrate
and which then propagates to the GaAs-lnGaAs SLS. In order ?
to investigate the quality of epitaxial layers grown on SLS, a 15P-
thick layer of GaAs (4 gm thick) was deposited on the GaAsP-
lnGaAs SLS structure. Initial results indicate that etch pit
counts on this GaAs epilayer are at least as low as those ob-
tamed when GaAs is grown directly on a GaAs substrate. Thus (b)

from the above observations we can conclude that the GaAsP-
* InGaAs SLS is grown with a lattice parameter equal to that of

GaAs, thus allowing the growth of a multilayer structure with-
out generating misfit dislocations.

An LED structure is shown in Fig. 2, where the active layer
is made in the In0 . Ga%.9 As-GaAs 0.8 P0 .2 SLS. DMZ and 900o 9400 ,00 0200

DET have been used for p- and n-type dopants, respectively. WAVELENGTH (A)
Doping levels are in the high 10 1 7 /cm 3 range for both elc- Fig. 3. Emission spectra of LED. (a) GaAs0 .8 P0 . 2 -1n0 IGa0 .gAs

rn fobtg SLS active layer grown directly on a GaAs substrate. (b) GaAs-
trons and holes. Device fabrication uses standard metallization ln0 .2 Ga0 .gAs SLS active layer grown on a GaAs substrate through

and etching techniques and the emission spectra are shown in an intermediate 1n0 . 1 Ga0 gAs buffer layer.

Fig. 3. Lifetime tests were performed at 250C, and several un-
coated diodes were aged under constant injection levels "20
A/cm 2 for 200 h. We have not observed any degradation in Fig. 2(a) but with the addition of the no. Gao.gAs buffer

V the output emission intensity for such operation time. layer [71. As shown in Fig. 3 the emission intensity of the
In order to show the advantages of having the SLS match- present lattice-matched structure is superior to that obtained

ing to GaAs, an LED was also fabricated in the GaAs- in the mismatched SLS operated at the same wavelength
lno. 2 Gao.&As SLS with a structure similar to that shown in (-1 Mm) and current-injection level. A three-terminal dual-

.a, - . ---... .



BEDAIR er a.: STRAINED-LAYER SUPERLATTICE LIGHT-EMITTING DIODE 47

wavelength LED shown in Fig. 2(b), has also been fabricated, and are presently under study in our laboratory for possible
The emission spectra shows peaks at G.9 and 0.87 jim resulting device applications.
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